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Delta Ferrite-Austenite Reactions and the Formation of 
Carbide, Sigma, and Chi Phases in 18 Chromium-8 
Nickel-3.5 Molybdenum Steels 


H. C. Vacher and C. J. Bechtoldt 


Three 18 Cr-S Ni-3.5 Mo steels of slightly different compositions were given 
1,.800° FP, 


treatments’’ at 2,500°, 2,000 

1,500°, and 1,200° | Ferrite 
solution-treated steels were 
the parent ste« ls 
ferrite and austenite phase 
sigma, and chi phases, wa 


and 
residues 


made 


and samples 
remaining 
analyzed chemically and given the reheat treatments 
\ me tallographic study of the effeet of chemical composition of the delta 
s, and of the amount of delta ferrite, 


olution 
of each were reheated at 1,700 
dissolving the austenite in the 
along with 


alter 


on the formation of carbide 


It was found that the products formed at a certain reheat 


ing temperature were influenced by the amount and composition of the delta ferrite phase 


present in the solution-treated steels, 


determined by the solution-treatment temperature 


Min in the delta ferrite 
and 0.9, re spective ly 


1. Introduction 


Commercial austenitic stainless steels are available 
ordinarily in the “solution-treated” condition, that is, 
as rapidly cooled from temperatures above 1,900° F 
In this condition, AIST 316 and 317 steels frequently 
contain delta ferrite (6) in a matrix of austenite (y) 
During fabrication and in service the solution-treated 
steels are sometimes reheated in the range of 1,200 
to 1,800° F. In this temperature range, reactions 
occur in or between the 6 and y phases that result in 
the formation of the microconstituents, earbide 
MasC,), o, and x [1] At the lower temperatures 
in this range the diffusion rates are extremely low, 
so that true chemical equilibrium is rarely, if ever, 
attained. Consequently, after exposure at temper- 
atures near 1,200° F. for an arbitrarily chosen heating 
period, examination of the microstructure will always 
show an incompleted 6-y reaction. The sequence of 
formation and the amounts formed of the earbide, o, 
and x phases will be influenced by the chemical 
composition, relative amount, and distribution of the 
6 and y phases. Bowen and Hoar [2] have shown 
that when the reaction takes place within the 6 phase, 
o is formed first and y lat This presumably 
differs from the y initially present in the solution 
treated condition only in composition [3] and would 
lose its identity after diffusion had equalized the 
elemental concentrations. For convenience in this 
paper, the y formed during a solution treatment will 
be referred to as ys, and that formed in reheating to 
lower temperatures as yg. A metallographic study 
of the effect of chemical composition of the 6 and ¥ 
phases, and of the amount of 6, on the formation 
of carbide, o, and x phases has been made and is 
reported in this paper. 


2. Material and Heat Treatments 


Three 18:8 Mo types of steel rods, in. diameter 
by 4 in. long, differing slightly in chemical composi- 


Figures in brackets indicate the literature referer it the end of this paper 


the amount and composition of the delta ferrite being 


Distribution ratios for Cr, Ni, Mo, and 


and austenite phases of the solution-treated steels were 1.2, 0.5, 1.7 


tion, table 1, were used in this investigation. The 
“as received” condition of steel | was not known, but 
the microstructure indicated that it had been worked 
in the temperature range in which 6 was 
Steels 2 and 3 were obtained through the courtesy of 
Mason Clogg, Armco Steel Corp., Baltimore, Md 
They were from the same stock material used in the 
investigation, “The Development of Metallographic 
Methods for the Identification of the Sigma Phase tn 
lron-Chromium-Nickel Stainless Steels,’’ sponsored 
by Sub-Committee VI, Committee A-LO American 
Society for Testing Materials [4] As received, 
steels 2 and 3 had been heated at 2,000° F for s hour 
and water quenched 

In order to obtain 6 and y phases of different com- 
positions and 4 in different amounts, the three steel 
rods were given three solution treatments, table 2. 
This procedure takes advantage of the fact that for a 
certain steel the chemical composition of the reacting 
phases at equilibrium varies with temperature and 
that equilibrium concentrations are approximated in 
the solution treatment. It is not possible to vary 
the relative amounts of 6 and y and maintain their 
constant by heat treatment because, 
composition, the relative amounts vary with 
temperature. The d-y reaction was studied both in 
the presence and in the the ¥ 
This was done by separating the 6 phase from the 


stable. 


composition 
like 
absence of phase 
solution-treated steels and reheating it in the range 
200° to 1,700° F, along with the solution-treated 
Table 2 lists the reheating treatments. The 
constitution of the reheated ferrites and solution- 
treated was then determined by a metallo- 
graphic study. 


steels 


steels 


Chemical composition of chromium-nickel- 


Taste 1. 


molubdenum austenitic alloy 











TARLE 2 Hleat treatment 


3. Procedures 
3.1. Microscopic Examination of the Specimens 


Sections of the specimens were mounted, ground, 
The spe ('- 


and polished by conventional procedures 
imens were electropolished for a short period before 
polishing with fine alumina. The electrolyte for 
the electropolishing consisted of 3 parts of phosphoric 
acid, 3 parts of glycerol, and 4 parts of ethyl alcohol 

Among the etchants tried were weak and strong 
alkaline ferricyanide, sodium cyanide, and several 


acid reagents. It was found that aqua regia and a 
L0-percent sodium evanide solution, the latter used 
electrolytically, were the most satisfactory for this 
work. Steels that contained only 6 and ys were 
etched with aqua regia, and those that contained 
carbide, o, and y were etched with the sodium cyanide 
reagent. In examining the reheated steels a prelimi- 
nary eXamination was made by a series of suecessive 
etchings Usually 5 to 15 seconds was sufficient to 
reveal the carbide phase, and an additional etch for 
30 seconds brought out ¢. At this stage x, if present, 
usually could be seen faintly in the background 
because of relief polishing. Further etching de- 
veloped x but overetched the o and carbide phases. 
After this preliminary examination, the specimen 
was repolished and the surface etched to reveal the 
complete structure. In this condition the carbide 
and o were usually overetched, It was not always 
possible to distinguish with certainty between o, x, 
and 6 when they were present as minute particles or 
as particles of the same size. In such steels a chemi- 
cal separation of the microconstituents as an insol- 
uble residue and a qualitative analysis of the sepa- 
rated residue by X-ray diffraction greatly aided the 
interpretation of the microstructure. 


3.2. Chemical Separation of Microconstituents from 
Austenite 


In work done in cooperation with Subcommittee 
V1 of ASTM Committee A-—10, it was found that the 
microconstituents in the AISI 317 steels were rela- 
tively insoluble, with respect to the ys matrix, in 
solutions that contained the chlorine ion. This gave 
a means of concentrating the microconstituents in a 
manner convenient for their identiiication by X-ray 
diffraction. 

The reagents that were tried included ferric 
chleride used electrolytically, cupric-ammonium 
chloride, and aqua regia. It was found that, in 
general, 6 was relatively insoluble in the ferric 
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chloride*reagent but soluble in aqua regia. On 
basis one of two reagents Was used for the 

reported in this paper: ferric chloride for s 
containing 6, and aqua regia for those containing 
or more of the microconstituents—carbide, ¢. an 

In the aqua regia dissoltuon procedure the 
sample was placed in approximately 100 ml of 
solution and allowed to stand overnight at ; 
temperature. In the ferric chloride procedure as 
in the collection of large amounts of residuc 
electrolyte consisted of 350 g of FeCl;-6H.O disso 
in 1 liter of water. The cell consisted of a 2 
beaker containing l liter of electrolyte, with 
specimen as the anode and a stainless-steel si 
0.050 in. thick by 2 in. wide, as the cathode 
length of the specimen rod in contact with the « 
trolyte was approximately 3 in. The _ potential 
across the cell w as controlled so as to pass a current 
of 1.5 amp, or about 0.03 amp/em’*; this required 
about 3.5 v The voltage was not allowed to exe: ec 
6 V A 150-ml beaker was placed directly under the 
suspended specimen to catch loosened insolubli 
matter, although most of the residue adhered to the 
specimen. Small specimens were placed in a basket 
formed from platinum wire, and a small dish was 
placed beneath the basket The electrolyte was 
replaced with a fresh solution after approximately) 
25 ¢ of steel had been dissolved 

The residues from the aqua regia and ferric chlorid 
treatments were separated from the solutions by 
centrifuging and decanting. The residues then were 
washed with a 50-percent nitric acid solution and 
then with water. When free from acid, the residues 
were washed from the centrifuge tubes with acetone 
and dried 

The ferric chloride procedure was used to separte é 
from the solution-treated steels in quantities sufficient 
for chemical analyses of the Cr, Ni, and Mn contents 
The completeness of the separation was ascertained 
by X-ray diffraction. These examinations indicated 
that the amount of ys in the residues was less than 3 
percent. This was judged from diffractometer charts 
by the difference in heights of the 111-peak for y and 
the 110-peak for 6, as compared with differences 
obtained from known mixtures of 6 and y. 

In steels suspected of containing traces of 4, the 
residues were examined with a stereomicroscope for 
movement when a magnetized needle was passed 
over them. Residues that contained small amounts 
of 6, as shown by X-ray diffraction, were weakly 
attracted by the needle, but the attraction was uni- 
formly distributed, that is, all particles were slightly 
magnetic. Apparently the particles were clusters of 
microconstituents, some of which were ferromagnetic. 
In some residues there were occasional particles that 
were strongly attracted to the needle, and the residue 
as a whole showed little or no attraction. A separa- 
tion was made of the strongly magnetic particles in 
a ferric chloride residue obtained from steel 2 after 
solution treatment at 2,500° F. and reheating to 
1,200° F. An X-ray diffraction chart of the separated 
magnetic particles showed peaks corresponding to 
two types of oxides, Fe;O,, NiFeO,, and Cr,O3Fe,0s. 
The peaks for the latter were weak. 





Qualitative Analysis of Residues by X-ray | shaded areas are ¢ However, the smaller unshaded 

Diffraction areas might be x or 6. A diffraction chart, figure 2, 
of the residue obtained from 2C by the aqua regia 
procedure showed easily identifiable peaks for the 
carbide, o, and x phases It is unlikely that the 
unshaded areas in the grain boundaries are 6 because 
the 6 in the steel before the solution treatment was 
in the form of stringers. The 2C microstructure 


he X-ray diffraction analysis of the residues were 

with a Geiger-counte! diffractometer and were 
ned to a 26 range of 40° to 65° for diffractions 
he cobalt Ka radiation The peaks in the 
iwtometer charts nearly always could be identi- 
s being from one or more of the y, 6, ¢, x, and 
de phases. The identification was made by 
paring the 2@ angles for the observed peaks with 


therefore was interpreted as showing o in stringers, 
x as outlined areas, and carbide as black spots, 
7 The microstructure of steel 1 after solution treat- 
dent “| 26 angles in table 3 The 24 values - . . 

n ihed i — = « —_ ment at 2.500° F and reheating to 1,.200° F (1AM, 
} mbere din the ordet ol the ir occurrence mm t} e 


. fie. 3) could not be nits rpreted with complete satis- 
ts and are the averages of observed Values 


‘] fie vali thet had } ' faction even with the aid of an X-ray diffraction 
rt ‘ ce sD l . nities 2 2 lh . ’ . rr we 
renee : - : , ., _ Com Fepereet analysis of the residue. rhe 1AM diffraction chart 


literature The corre sponding d/n values were ce 9 
puted and listed with reported relative intensi- =, © 
obtained from the literature for the pure con- 
ent. The sensitivity of detection with respect 
sabout 5 percent; to y, 6, and x, probably about 

ent Phases reported as “not detected” may 
onsidered as present in less than these amounts 


, Obtained from the residue extracted by the 
ferric chloride procedure, showed peaks that could 
be identified easily as those of the carbide and o 
phases The absence of x is indicated by the ab- 
sence of peak 6, and the presence of 6 is indicated 
bv the relative height of peak 9 not being propor- 
tional to the heights of peaks 10 and 11, such as 


I} esence of 6 and > eS es separate ) , . 
The presence of 6 and ¥ in residu parated by | in the 1BM ferric chloride chart. Diffraction 
ferric chloride procedure can be verified by 


ing the residue with aqua regia and comparing 
actometer charts obtained from the residues 


maxima from both o and 6 coincide at peak 9, 
table 3. From the X-ray results it can be concluded 
i that the IAM microstructure definitely contains 
lore and after the treatment The treatment with carbide and ¢. but it is possible that this 1AM 
i regia reduces the 6 and y contents ot the resi- 
es by dissolution. If the relative heights of peaks 
ind 9 are lowered, the presence of 6 and y¥ is indi- 


ted. This is shown in the 1AM and 1BM charts 


microstructure also includes 6 that was not recovered 
in the ferric chloride extraction In extracting 6 
from steel 1 after the 2,500° F solution treatment, a 
very low yield of 6 was obtained. This indicated a 
relatively high solubility of 6 in the ferric chloride 
4. Results and Discussion reagent ‘and would account for the absence of 6 in 


the LAM residue. On the basis of the foregoing re- 
4.1. Interpretation of Microstructure with Aid of | cic the 1AM microstructure was interpreted as 


Qualitative Analysis of Residues by X-ray Dif- showing that the reactions were within the initial 6 
fraction sites and resulted in the formation of carbide at the 
Examples of the aid that X-ray diffraction anal- | 6-ys boundary and possibly within the initial 6. 
vsis of residues gave in interpreting typical micro- | These former 6 sites contained o, and probably yp 
structures in this investigation are as follows: The | and undecomposed 6. The two latter constituents, 
small black spots 1n the microstructure of steel 2 however, could not be identified. 
after a solution treatment at 1,800° F (2C), figure 1, The 2AL diffractometer chart, figure 2, obtained 
unquestionably the carbide phase, and the large | from the residue from steel 2 after a solution treat- 


TaARLeE 3 Y-ray d ffraction data for the lentification of y, 5, carbide, o, and x in steels 1 


tempt was made to have these 
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of steels 1 ? and 8 ajter solution treatments 


Fieure 1 Vicrostructures 


ancl te perature n the columns identify the heat treatment 


‘ el Identified constituents (matrix in all phot 
1B, IC, 2A, 28 13A lear, outlined area 2C, carbide (dotted, chain-like constituent, mostly at grain boundaries ' 
‘ t ttacked at outlines): 3B, none; 3C, carbide and @« Magnifications: 2¢ x MM: BE ~ 1000; all other 4) 


cally witl hn percent NaCN, 1A with dilute alkaline ferricyanide, all others with aqua regia Reduced slightly in reproduct 
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Fiaure 2 Typical Y-ray diffractometer charts obtained from residues 
7” Charts 2C, 2AL, 1AM, and 1BM were obtained from residues separated with the ferric chloride and aqua regia reagents from ste« 1} 2 after solution 
treatment at 1.800° F: steel 2 after solution treatment at 2,500° F and reheating tol , 00° F; steel | after solution treatments at 2,500° and 2,000° F and 
cheatingto 1,200° F, respectively Cobalt Ka malation 
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Numbered letters and temperatures on the rows identify the solution-treated steels; letters and temperatures on the columns identify the reheat treatment 
| Carbide was possibly absent in 1CK but present in the other microstructures. Identified constituents in corresponding residues are listed below each photo 
micrograph. Etched electrolytically in 10 percent NaCN; magnification, X 500. Reduced slightly in reproduction. 
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F and reheating to 1,500° F, indicated 
carbide, ¢, and y. On the basis of this information 
the 2AL microstructure, figure 4, was interpreted 
as showing carbides at the former d-ys grain bound- 
ary. o as large shaded areas, and y as small inter- 
granular areas, not shaded. It was not always 
possible to distinguish between small particles of 
and those of x. The heights of peak 7 in the 1AM 
and IBM charts, ferrie chloride, figure 2, indicate 
the presence of y. Diffraction maxima from o and 
y coincide at peak 7 and in the absence of y, the 
heights of peaks 7 and 9 are about the same. This 
is shown in the other charts of figure 2. There ts 
no obvious explanation for the presence of y in the 
1AM and IBM residues extracted by the ferric 
chloride procedure, Experience has shown that the 
presence of y is more probable in residues separated 
from that were reheated to 1,200° F than 
from solution-treated steels 

A successful application of the X-ray diffraction 
procedure described in the foregoing paragraphs de- 
pended upon having small-sized crystals, randomly 
oriented and intimately mixed. The experience has 
been that chemically separated residues satisfied 
these conditions. The relative solubilities of the 
microconstituents is dependent on the composition 
of the extracting reagent and of the steel, so that 
the procedures used for the 18:8 Mo type steels 
may apply only to austenitic steels containing molyb- 
denum. 


ment at 2,500 


steels 


2,500°, 


4.2. Steels after Solution Treatments at 


2,000°, and 1,800° F 


It is stated in section 2 that in order to obtain 6 
and yy phases of different compositions so that the 
bys reactions could be studied, steels 1, 2, and 3 
were given solution treatments at 2,500°, 2,000°, and 
1,800° FF, It was found that 6 was not present in 
all of these steels at these temperatures. The micro- 
structures and identified constituents are shown in 
figure 1. The results are summarized graphically in 
figure 5. In order to fix the boundaries more ac- 
curately, steels 2 and 3 were examined also after 
solution treatments at 1,900° and 2,250° F, re- 
spectively. Microscopic examination of steel 3 after 
solution treatments at 2,000° and 2,250° F showed 
only ys. <A similar range in which only the y¢ phase 
is stable apparently does not exist for steels | and 2. 
This single-phase range probably increases with a 
decrease in the Cr/Ni ratio. It is noteworthy that 
the ferrite content increases with (a) increase in 
temperature, or (b) with the Cr-Ni ratio. Steels 2 
and 3 apparently did not contain 6 after solution 
treatment at 1,800° F; however, they did contain 
the carbide and o phases. The x phase was de- 
tected in steel 2 but not in steel 3 at 1,800° F. 
Examination of the steels after reheat treatments at 
1,700° and 1,500° F, figures 3 and 4, indicated that 
there were fields in which the x phase was not stable 

In order to determine the compositions of the 6 
and ys phases in the solution-treated steels it was 
to determine the relative amounts of 6 


necessary 
This was done microscopically by 


and zs 


analysis according to the procedure develop 


Howard and Cohen [5]. The percentages of 
given in figure 5. With these values, along wi 
Cr, Ni, Mo, and Mn contents of the separ; 
residues and of the parent steels, the composit ir / 
the ys phase were computed, table 4.) Valu . 
the 5 and ys phases in steel 1 after solution trea) 
at 2,500° F are not given because the residues 
contaminated with nonmetallic inclusions . 
contamination was the result of a very low ld 
obtained in the ferric chloride separation 

The data in table 4 indicates that the d/y. dist; 
bution ratios of the chromium, nickel, molybdenum 
and manganese contents are approximately 1.2. 0) 
1.7, and 0.9, respectively, over these ranges of 
temperature and composition 

In order to know the approximate compositions of 
the o, x, and carbide phases, residues whose X-ray 
diffraction analysis had shown them to be composed 
primarily of one of these phases were analysed 
chemically for Cr, Ni, Mo, and Mn contents. Thy 
small amount of residue available for chemical 
analysis precluded determinations of the carbon and 
silicon contents. The results, table 5, show that th: 
manganese contents of the carbide, ¢, and y phases 
are approximately the same as that of the parent 
steels. The chromium and nickel contents of o ar 
about the same as that of x, but the molybdenum 
content is appreciably less, 


Chemical composition of 6 and yg after solul 
treatments 


Tarie 4 


Composition 


Steel Solution treatment Phase 
( Ni M M 
} 
{a D7 0 10 
, }2,00 B \ 17.0 a4 29 
1a00 (¢ ed 21.3 4.5 - 
| 1.0 a4 2% 
fs 19.1 7 fy 
MW) CA } 1 0.4 2 
, 14 is. 4 1¥ 5 
2000 OB Rd 7 8 os , 
ot {4 21.8 a0 ' ‘ 
2,500 (A i 18.3 13. ¢ 


Composition computed 


Tarte 5. Chemical composition of residues approxima 
sigma, chi, and carbide (M C, phases 
Source of residue 
Phase Cr Ni Mo Mn 

Stee! | Solution Reheat 

ee treatment treatme 

I °F} 
o 27. ¢ 3.6 #119 0.8 1 2,000 (B 1,700 (K 

x 7.9 a 14 1.3 2 2.000 (B 1,50 «1 
Maes 2.9 1 12 1.3 J 2.000 (B 1,20 (M 
4.3. Ferrite Residues after Heating at 1,700", 


1,500°, and 1,200° F 


Samples of the 6 residues that were separated from 
the solution-treated steels were sealed in vacuum in 
fused-silica tubes and, simultaneously with pieces of 
parent steels, were given the low-temperature heat 


lineal | treatments listed in table 2. Both the sealed residues 
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er ud wv. N 
steels were quenched in water. Two of the 
; dues were oxidized because the fused-silica tubes 


ed in quenching. The residues so treated were 
mined for magnetic particles and then analyzed 
tatively by X-ray diffraction. The treated 
dues undoubtedly contained carbides in addition 

he phases reported as present 
lhe results, table 6, show that 6 in the residues from 
did not decompose completely, whereas those 
steel 3 did. Excepting the residue from steel | 
r the 2,500° F solution treatment, o and y, were 
he decomposition products. It is probable that 
ibrium was attained in the 1,700° and 1,500° F 
heat This means that the composi 
ons of these residues from steel 1 were such that 6 
ul o Were mutually stable at 1,700° and 1,500° F 
hereas this was not the case for the residues from 
steel 3. This difference in stability of 6 apparently 
as caused by differences in composition of approxi- 
itely 3 percent Ni and 1 percent Mo, see table 4 
lhe decomposition of 6 in the residues from steel 2 


Here a 


treatments 


ipparently is more sensitive to composition. 








decrease of 0.7 percent of Cr, 0.7 percent of Ni, and 
an increase of 0.5 percent of Mo in the composition of 
the residue after the 2,500° F solution treatment, 
appeared to be sufficient to affect the stability of 6 
and the kind of decomposition products 


4.4. Solution-Treated Steels after Reheating to 
1,700", 1,500°, and 1,200° F 
Samples of steels 1, 2, and 3 that contained the 
§ phase after solution treatments at 2,500°, 2,000°, 
and 1,800° F, and that were reheated to 1,700 
1,500°, and 1,200° F, were examined microscopically 
and their residues analysed by X-ray diffraction 


The results with respect to the constituents identified 
in the microstructures are summarized in figures 3 


and 4. In making these identifications it was as 
sumed that the constituents in the residues were 
present in the microstructures, even though they 


could not be distinguished by etching. No attempt 
was made to identify or distinguish oxide inclusions 
Inspection shows that the microconstituents found 
in the reheated steels were not always independent 
of the previous solution treatments. In steel 1 (fig 
3), after reheating to 1.700 I for 340 hours, the 
presence of the carbide phase in the sample that had 
been solution treated at 1,800° F (iCK 
ful, whereas its presence was definitely 
in samples that had been solution treated at 2,500 
and 2,000° F (LAK and IBK \ similar tendeney 
for less carbide phase after the low-temperature 


was doubt 
established 


solution treatment also was noted in the microstruc- 
tures of samples that had been reheated to 1,500° F 
for 500 hours, figure 3. The 1CL microstructure 
shows less carbide phase than the I1BL and LAL 
There is no obvious explanation 
Apparently it ts affected 


microstructures 
for the foregoing tendency 
by the amount of ferrite initially present. When 
the amount of the initial ferrite is but slightly 
greater than the o that is formed, the solubility of 
carbon appears to be higher than when the initial 
ferrite is in greater excess. The work of Rosenberg 
and Irish [6] on high-purity alloys indicates that 
the solubility of carbide in y at 1,700° F is of the 
order of 0.08 to 0.05 percent of carbon, which is 
slightly less than the 0.05-pereent-carbon content of 
steel ] In the 0.0838 to 0.05 percent of 
carbon, the presence of carbides was questionable at 


range ol 


Tarie 6 Qualitat ana by X-ray diffraction of ferrite residues after low temperature heat-treatment 
P, Present; ?, doubtful; and ND, not detected 
Heat-treatment 
3 uw? F, 340 hour 1.500° F, 500 hour 1,200° F, 500 hour 
> 
. ution-treatment 
, , Decomposition product Unde Decomposition produc Unde ” nposition product 
COTTE EX 1 composed my 1 
N d x h x k x 
b 
|; 00 Pr r ? ND I r ND ND r ! NID Nb 
2,000 r r r ND Pr r Pr ND r I r Nb 
11, 800 P P P ND . . . P I P ND 
2, 50 ND r Pr Pr Pr Pr I I r I r ND 
(2, 000 r r ND Li * ® be " r I ND ND 
2, 400 ND r r ND ND r I ND ND I r ND 





men damaged. 














1.700° F On the basis of their results, therefore, 
the presence of earbides may be expected 

Similar results in figure 4 show that for steel 2, 
solution treated at 2,000° F, o was present as a trace 
after reheating to 1,200° F (2BM however, the 
presence of « was easily detected after solution treat- 
ment at 2,500° F and reheat treatment at 1,500° and 
1,.200° F (2AL and 2AM). Here again the influence 
of solution treatment can be traced to the amount 
of ferrite initially present. In addition to the effect 
on o the 2AL and 2BL microstructures strikingly 
show that the amount and distribution of the reac- 


tion products have been affected by the amount of 


initial ferrite. The photomicrographs in figure 3 
also show that 6 was not detected in steel l as reheated 
to 1,200° F after solution treatment at 2,500° F 
(1AM), but was present after solution treatment at 
2.000° and 1,800° F (1BM and 1CM It is probable 
that 6 was present in the reheated, 2,500° F solution- 
treated sample but could not be detected because of 
the solubility of undecomposed 6 in the ferrice- 
chloride reagent. This was discussed in section 4.2 

Inspection of the microstructures of the reheated 
steels (figs. 3 end 4) shows that if a lerge emount of 6 
was present initially, the reactions tended to be 
wholly within the 6 phase. When this is not the 
case the microconstituents are formed in the 4 
matrix. This tendency for the reactions to nucleate 
and continue within the 6 phase is illustrated by the 
photomicrogrephs in figure 4 obtained for steel 2 
as reheated to 1,200° F after solution treatments at 
2,500° and 2,000° F (2AM and 2BM These 
microstructures show that, except for the formation 
of carbide in the grain boundaries, the reaction was 
within the 6 phase. No undecomposed 6 was 
identified, indicating that 6 had decomposed com- 
pletely. The results in table 4 showed that the 6 
in these steels did not decompose in the absence of 
Ys; therefore the complete decomposition of 6 in the 
2AM and 2BM microstructures could not have 
happened without diffusion of the reecting elements 
from adjacent ys. 

The 2BM microstructure, figure 4, is particularly 
interesting because of the dense mottled structure 
of the former ferrite, but only carbide was detected 
in this structure. The mottled structure probably 
is not entirely the result of carbide precipitation 
but more probably results from the etching char- 
acteristics of a transition phase [7] in the decompo- 
sition of 6 and formation of ¢ and yz. This conclusion 
is supported by o being present in the 2AM micro- 
structure, which shows that o was stable at 1,200° F; 
therefore, « would tend to precipitate in the 2BM 
microstructure. These comments also epply to 
the 3AM microstructure. 


5. Summary 


Three austenitic stainless steels, 18:8 Mo type, 
of slightly different compositions, were given three 
solution treatments (2,500° F, \% hour; 2,000° F, 
\ hour; and 1,800° F, 18 hours; all quenched in 
water), followed by reheating at three lower temper- 
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atures (1,700° F, 340 hours, 1,500° F, 500 | 
and 1,200° F, 500 hours) and quenching in 
The steels were examined microscopically, an 
electrolytically separated residues were examin: 
X-ray diffraction methods 

Examination of the heat-treated specimens sl} 
four fields of stabilitv: a region in which y wa 
only phase; a region in which y and 6 were st 
a region in which y, carbide (MoeC,) and o¢ 
steble; and a region in which y, carbide (M 
a, and xy were stable. 

The 6 was separated from the y and heated at th, 
lower temperatures along with semples of the paren: 
steels. The chemical analy ses of 6 and the comp ted 
analyses of Y indicated that the distribution I os 
for Cr, Ni, Mo, and Mn in the 6/4 phases wer 
approximately 1.2, 0.5, 1.7, and 0.9, respectively, 
in the range 1,800° to 2,500° F. 

Results showed that the decomposition of 6 and 
the kind of products that were formed were influenced 
by small differences in the Cr, Ni, and Mo contents 

Exeminetion of the reheeted steels showed that 
the amount of 6 formed in the solution treatment 
affected the decomposition of 6 and the kind of 
products formed at certain reheating temperatures 
It appeared that there was a tendency for the 
reactions to nucleate in the 6 sites and to continue 
by diffusion of elements from the matrix. When the 
volume of decomposition products exceeded the 
volume of the initial 6, the products tended to bi 
distributed intragranulerly. 
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Determination of Hydrogen by Slow Combustion Over 
Platinum in Excess Oxygen 


Shuford Schuhmann and Martin Shepherd 


Phe accuracy and reproducibility of the determination of hydrogen by combustion with 


excess oxvgen over a hot platinum helix 


slow combustion) have been experimentally 


} 


measured The combustion of a pure hvdrogen gave the observed stoichiometric relatior 


hip, H 0.4996 O-.--1.4996 contractior 
tions of hydrogen and oxygen, is H 
} 


Tike 


xvgen consumed, 99.9] 


hydrogen from 


0.03 and 100.03 = 0.13, respectively 


1. Introduction 


[his is one of a series of papers [1 to 10] * reporting 


erimental measurements of the accuracy and 
roducibility of existing methods of gas analysis, 


the analysis of gases of critically known purity or 


standard gas mixtures This paper deals with the 
ermination of hvdrogen by slow combustion. In 
ork of this kind, the greatest single burden usually 
the preparation of the gas of known purity and 
the determination of its purity to a significance 
eater than the capability of the analytical method 
inder investigation. All too often, the behavior of 
a method is reported in terms of the analysis of a 
‘pure’ substance or “synthetic mixture,” and the 
res ilts accepted as fact, even when ho conclusive 
evidence of p iritv or known composition has been 
presented. ‘This is unfortunate, for no more direct 
means exists to verify an analytical method than to 
make repeated analyses of a substance or substances 
of known composition. If the analyses can be made 
by many analysts using an identical procedure during 
a considerable time, so much the better. The accu- 
racy and reproducibility to be expected with such a 
diffuse effort, which gives the picture of what gener- 
ally may be expected, are never so favorable as those 
obtained in a single laboratory by one careful worker. 
The work reported here, however, is of this more 
restricted nature. 


2. Hydrogen Used for Analysis 


rhe ideal relationship, corrected for the devia 
0.4994 
hod gave these results: Hydrogen calculated from the contraction, 99.98 
0.13 Corrected, these results became 100.02 


O.—+1.4994 contraction Uncorrected, the 


0.03 percent 


denser equipped with a glass-wool filter and immersed 
in liquid hvdrogen. ‘The saturation pressure of any 
higher-boiling impurities is negligible at this temper- 
ature For oxygen it is of the order of 107" mm 
Hg, and the filter removes any fine crystals from 
the incoming stream of gas If helium is not an 
impurity, this is an effective way of preparing pure 
hvdrogen. Hydrogen so prepared should contain 
less than 0.00001 percent by volume of higher- 
boiling impurities. Thus the total impurity of the 
hvdrogen used in this work was several orders of 
magnitude less than the occasion demanded. 

The oxygen used for combustion was obtained 
from rectification of liquid air. The inert impurity 
was determined as the residue after absorption in 
alkaline pyrogallol. The nitrogen in the buret at 
the beginning of each analysis was prepared initially 
from air by five complete passages of the gas into the 
pipet containing alkaline pyrogallol and thereafter 
by removal of oxygen from the products of combus- 
tion. 


3. Analytical Procedure 


The apparatus described by Shepherd [11] was used 
for the analysis. The procedure was as follows: 

1. Nitrogen (about 60 ml) was prepared, measured, 
and stored in the pipet containing the solution of 
alkaline pyrogallol (pyro pipet). 

2. Oxygen (about 60 ml) of known composition 
wes measured and transferred to the slow-combustion 


ara pipet. 
ry a 3. Hydrogen (about 60 ml) was meezsured and 
leel, lhe hydrogen for this work was obtained from the | slowly (not more than 10 ml/min) passed into the 


10N. 
ittee 
ports, 


electrolytic battery generating the hydrogen used 
for liquefaction at the Bureau. When this battery 
has been operating for some time, all air is displaced, 
and the only impurity occurring in the hydrogen is 
oxygen, which is removed by passage over hot 
platinum. The purity of the hydrogen was checked 
at the plant by a special thermal-conductivity 
apparatus sensitive to less than 0.01 percent oxygen. 
Hydrogen so prepared was passed at atmospheric 
pressure through a previously evacuated in-seal con- 


eased, September 17, 1953 
ires in brackets indicate the literature references at the end of this paper 
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combustion pipet with platinum spiral heated to a 
cherry-red color. Gas from the arm of the manom- 
eter connecting to the distributor was displaced to 
the buret and transferred to the combustion pipet. 
Four complete passages between the buret and com- 
bustion pipet were made. 

4. The residue from the combustion was measured 
and the contraction computed. 

5. Nitrogen from the pyrogallol pipet was trans- 
ferred to the buret, and the oxygen was removed from 
the combined nitrogen and residue from the com- 
bustion by five complete passages into the pyro- 





gallol solution. 
and from this the excess oxygen and the oxygen 
copsumed were computed, 


4. Stoichiometry and Discussion of Errors 


If the reaction involves only hydrogen and oxygen, 


and is complete; if the gases are all ideal gases; if 


there are no gains or losses through solution or other- 
wise except the quantitative absorption of oxygen mn 
the pyrogallol solution, and the contraction caused by 
condensation of the water formed; and if there are no 
errors of manipulation or observation during the 
analysis, the observed values for the analysis would 
‘orrespond to the ideal stoichiometric equation 


H,+-0 H.O+1 


Actually, the observed values did not correspond to 
this equation. Instead, the average values of 20 
analyses are expressed by the volume equation 


An explanation of the observed values involves the 
of various In this 
reference will made the stoichiometric data 
given in table 1. Columns 1 and 2 of this table give 
the data for observed contraction per sample and 
oxygen consumed per sample, from which eq (2 
was derived 


5 Oy 5 (volume) contraction. (1 


” 


+ 0.4996 O,-—>1.4996 contraction (2 


discussion errors discussion, 


TARLE 1 Observed stoichiomet 


ntr 
on 


r ample 


1. 4008 } (2 0 
1. S000 
1. S000 
1. 4005 
1. 4007 
14a 
1. Sow 
1. 4007 
(us 
wane 
set 
4s 
wan 
4Uus5 
UL 
0 
we 
O08 
wl 
Moos 


was 
wn 
vo) 
4005 
wa 
iH) 
Mol 
we, 
es 
sow 
40K 
hULST 
. 
4Us6) 
Ane 
10) 
4907 
woo 
wel 
Sos 


wo 
ha 
‘Mul 
suse, 
swans 


Average ius 0. 49056 0. 49958 


Average deviation 00039 +0. 000604 +0. 00034 


5. Deviation of the Gases from Ideality 


= :, 1 

lhe usual chemical volumetric gas analysis involves 
the measurement of various mixtures of gases. The 
sample is ordinarily a mixture which is progressively 
simplified by the removal of one or more constituents 
atatime. The products of combustion are mixtures. 
Thus, correction for deviation from ideality is quite 
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The residual nitrogen was measured, | 


| 
| 
| 


difficult,-for while deviations for many of the 
rate gases have been measured, there is no law t 
diet their behavior in mixtures, and the devia 
significant to the analysis must be measured 
present analysis is an exception. Every gas ; 
ured throughout is an approximately pure one, 1] 
the gases measured at each step of the analysi 
(in order) nitrogen, oxygen, hydrogen, oxygen 
nitrogen. <A stoichiometric equation accountin 
the deviations from ideality at 1 atm and 25° C 
H,, PV/nRT=Z=1.0006 114]; for On, Z=—0 
115]) may accordingly written: 1.0006 H, 
0.9994)O,-1.5003 contraction or, 


be 


H, +0.4994 O,-—>1.4994 contraction 
This correction alone brings the ideal eq (1 
better agreement with for the 
values 


eq (2 obse 


6. Other Considerations 


By comparison of eq (2) and (3) it becomes evi- 
dent that eq (2) would have been identical with eq 

3) if the 0.0002 volume less oxygen had been con- 
sumed; for then the contraction would also have 
been 0.0002 volume less. If this correlation is signif- 
icant, it indicates that the only appreciable error sus- 
tained in the combustion was the reduction of slight} 
more oxygen than commensurate with the amount 
of hydrogen burned. Several possible fates of this 
oxygen deserve consideration 

The oxidation of nitrogen is hardly possible in 
this analysis. Even when air (with high partial 
pressure of nitrogen) was burned with hydrogen 
NO, was not found to have been formed during the 
procedure used for combustion. The only nitrogen 
present during this combustion was at very low par- 
tial pressure, occurring to the extent of 0.09 percent 
in the oxygen used (in actuality, most of this “‘niiro- 
gen’’ was probably argon). Nitrogen dioxide when 
formed reacts almost completely with the wet mer- 
cury and is accordingly observed as part of the con- 
traction. Such an error seems not to have occurred 
in this instance. 

The formation of a small amount of mereuri 
oxide might have accounted for the slightly high 
oxygen consumption and an equal increase in con- 
traction. Perhaps a small amount of hydrogen 
peroxide may have been formed at the hot platinum 
spiral, then removed from the gas phase by redue- 
tion with lubricant in the stopcocks between the 
combustion pipet and the buret; or a small amount 
of ozone may have formed at the hot wire, then 
formed addition products with stopcock lubricant 
Loss of oxygen by solution in water formed during 
combustion was calculated to be insignificant. 

Under the conditions of the analysis, an average 
of less than 0.01 ml of carbon monoxide may have 
been generated during the absorption of excess oxy- 
gen, [12]. This carbon monoxide would not have 
entered into the next combustion with reuse of the 
residual nitrogen; but if it occurred, it would have 
appeared as nitrogen at the last step in the procedure. 





would have made the excess oxygen appear too 
ll and the oxygen consumed correspondingly too 
e. Indeed, a comparison of eq (2) with eq (3) 
show observed oxygen consumed to be high; 
this explanation does not fit the case because 
oxvgen consumed Is corrected for nitrogen 
alanee the value is insignificantly changed, in 
This correction eliminates the 
or in oxygen consumed caused by the generation 


vrong direction 


irbon monoxide 

fhe nitrogen balance, or total loss or gain of gas 
ng each complete analysis, is determined by 
nparing the nitrogen originally measured with 
‘residual nitrogen. These data given in 
imn 3 of table | While the sum of the gains and 
ses 1S algebraically the 
the observed cumulative loss was 0.04 
, and while 
any ol them are near the expected error of volume 
easurement 0.02 ml), there 
ore losses than gains, and the losses are somewhat 
svstematic. Every nitrogen 
occurred, the oxygen consumed found to be 
low: whereas with every gain of nitrogen the con 


are 


almost zero for series 
analyses 
or an average of 0.0002 ml per analysis 
nevertheless, are 


time a loss of 


more 


was 


sumed oxygen was high (with a single exception, 
analvsis 12). If the analyses are corrected individ- 
ually for this off-balance of nitrogen to adjust the 
oxygen consumed, 15 of the 20 show improved values 
Of these. 
12 occur when the nitrogen balance shows a loss. 


for oxvgen consumed (column 4, table 1). 


This seems significant, and indicates complete absorp- 
tion of excess oxygen, complete combustion of the 
sample, and no significant production of carbon 
monoxide. Since the solution of alkaline pyrogallol 
was in equilibrium with nitrogen before and after 
each absorption, and is one of the best reagents with 
respect to exchange of inerts by sorption and desorp- 
tion [13], 
of nitrogen could hardly have been caused by physical 


what seems to be a slight apparent loss 


solution of nitrogen. 

When the oxygen consumed is corrected for nitro- 
gen balance on the assumption that the latter was a 
measure of the error made in the measurement of 
excess oxygen, the observed stoichiometric eq (2) Is 
not changed significantly, but the reproducibility of 
the oxygen value is considerably improved. The 
discussion may therefore seem partly 
but the errors considered may affect 
individual analyses rather than the average of a 
large group—and usually only a few analyses of a 
single sample are made, so that the possibility of 
such errors should always be kept in mind. 

The application of this correction renders the value 
for oxygen consumed independent of the inert con- 
tent of the oxygen. Since it does not appreciably 
the average oxygen value, assurance is 
fforded that the analy sis of the oxygen was accurate; 
or that generation of carbon monoxide by pyrogallol, 

it occurred, compensated for the error in the 
nalysis of the oxvgen, 


prey lous 
vratuitlous; 


change 


7. Analytical Data 


The results of computing the analyses from the 
observed and corrected stoichiometric relations just 
discussed are given in table 2. The percentages of 
hydrogen calculated from the observed contraction 
and oxygen consumed (columns | and 2) average 
99.975 + 0.027 and 99.912 +-0.126, respectively. The 
observed contraction vielded more satisfactory results 
with respect to both accuracy and reproducibility 
than oxygen consumed; but this is to be expected, 
there errors in. this 
measurement, and the arithmetic involved penalizes 


since are more chances for 


this measurement while favoring the measurement 
by contraction. The net error in oxygen consumed is 
multiplied by 2 in calculating hydrogen, but divided 
by 1.5 in calculating hydrogen from the contraction 
The measurement of contraction involves the 
merxsurement gas volumes (oxygen, hydrogen, 
and residual oxygen) and a simple catalytic com- 
bustion in which the possibilities of side reactions and 
limited to 
“other considerations.”’ The mees- 


of 3 


errors of sorptions are probably those 
discussed under 
urement of oxygen consumed involves the measure- 
ment of 4 volumes (oxygen, residual oxygen, 
original nitrogen, residual nitrogen), and an 
absorption which might include a side reaction and 
errors of solubility. In addition, another analysis 

that made to determine the purity of the oxvgen 
involved. Altogether, the measure- 
ment of oxygen consumed is relatively handicapped, 
and its analytical use as a check on the contraction 
is of doubtful value. If the measurement is made, 
it is probably advisable to correct it for nitrogen 
off-balance; for while this 


gas 


and 


used is also 


correction does not 


TAR i ppare nt percentages of h ydrogen 


Contrac 
2.0024 O» 2.0004 0 
per per 


amni pole sarn ple 


per tion per 
phe 1.4004 
unple 


100. 036 


+0. OOS 





greatly change the average nlue compare the OO_.O16 
3 with 99.912 of column 2), the 
0.092 compared with 
individual 
nitroven olf bal 


average of column 
reproducibility is improved 

0.126). and the chance for a 
Correction for 


rood 
analysis Is better 
ance really amounts to eliminating 2 of the 4 measure 
ments involved in determining oxygen consumed; 
2 are more subject to error than the 2 
measurement of 


and these 
actually used, i. e., the original 
oxvgen taken for the combustion, and the measure 
ment of the residual oxvgen The average deviations 
shown in teble 1 are in order of increasing deviation 
0. GaO84 for corrected oxveen consumed pel sample, 
0.00039 for contraction per sample, and 0.00064 for 
oxygen consumed per sample. Correspondingly, 
corrected oxygen consumed per sample, contraction 
per sample and oxvyeen consumed per sample, were 
obtained by the combination of 2, 5, and 4 independ- 
ent gas-volume measurements, respec tively 

If the percentages of hvdrogen are corrected for 
deviations from ideality, the values given in columns 
i, 5, and 6 are obtained 
contraction gives the average 100.016 


Hydrogen from corrected 
0.027 per 
cent: from corrected oxygen consumed LOOLO32 
0.128: and from corrected oxvgen consumed adjusted 
for nitrogen off balance. LOOLOR6 O.06S percent 
Although adjustment for nitrogen unbalance throws 
the average corrected value from oxvgen consumed 
still further above the theoretically result, 
it may be desirable because of the improved re- 
producibility it affords. Thus, when only one or 
two analyses are available, such correction may 
vield the more accurate result. The fact that making 
this adjustment changed so little the average ap 
parent hvdrogen content is evidence that a sub- 
stantial portion of the observed unbalance was not 
systematic effect but represented instead 
random distribution of the errors in. the 
measurement of the two additional gas volumes 
involved when the adjustment was not made 


correct 


from a 
nearly 


In attempting to decide whether or not to « 
tempted by the rv 
amounts of the differences from the known p 
vn, to make the corrections k 


1 


the contraction, one ts 


disregarding s 
practical point of view, uncorrected contrac: 


probably the better choice, because a reported | 
of less than 100 percent is infinitely more belix 
than a value greater than 100 
applies equally to values from uncorrected ox) cep 
consumed, Adjustment for nitrogen off-bala R 
applicable and only in 
producibility but also in a nearer approach o 
computed value to the known 

The application of the ideality 
helpful in unmasking a slightly excessive consump 


This consider v 


results not Improves 


corrections is 


tion of oxygen as probably the effect that compen 
sated the observed results for the deviations fron 
ideality. The verification of this is a subject fo 
future study 
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nhydrous Sodium Hydrox 


Melting Point’ 


ide: The Heat Content From 


O° to 700° C, the Transition Temperature, and the 


Thomas B. Douglas and James L. Dever 


Samples of sod hydroxide, whose irityv as indicated by analvess Vas approximatels 
90.3 percent, were ealed 1 pure silver Crvyoscopie measuremet indicated a trat 

mperature of 203° ( Using a “drop” method and a Bunsen ice ealorime he alps 
change bet wee 0° and each of Ll temperature ip to TOO" © was measured With reasor 
able simplifvi wssurmptions, the thermal measurements near the fre ing point were used 


to correct for the tmpurity wivilng for pure 

the same value, 159 absolute joules per gram 
The heat capacit lerived for the liquid is es 

the derived heats of fusion and transition ma 

of heat capacity, entropy, relative enthalpy 
tervals from 208° to 1,.000° hk 


1. Sample and Containers 


\s 4 container material for the sodium hydroxide 
meade 
attacked 


silver was selected, as tests 
where indicate that 
ly slightly by molten sodium hydroxide at the high 
; used Any disintegration of the 
which is thought to be the only inter 
on that xpected to affect 
total enthalpy of such a sample. An examina- 
mn of two of the silver contaimers after exposure to 
ten sodium hydroxide at 700° and S00° © is 


en-free 
this material is 
meratures to be 

sur tac 
not 


would oceul Wibs 


section > 
999.5 fineness that 
the oxvgen was obtained 


Works ol Newark, 


bed inh 
silver of had been cast in an 
| atmosply re to remove 
mm the American Platinum 
in the form of tubing 0.015 in. thick and of 
n. diameter Each was fabricated 
from a length of this tubing by drawing down one 
dies to a neck of 2 in. in length and ‘'-in 
After turning the neck to an 
average wall thickness of 0.012 in. (to decrease heat 
mduetion and so facilitate the subsequent sealing 


containet 


| by 


meter down 


the larger open end was closed by welding to 
a silver cap of 0.02-in. thickness 

Four such loaded with 
sodium hydroxide (about 4 ina dry 
ontinuously swept out with argon dried by activated 
They were then promptly evacuated to a 
pressure of 1 mm or less. Under an internal pressure 
25 mm of helium (added for good heat transfer 
iring the subsequent measurements), their necks 
vere then flattened and sealed off in a gas oxygen 
ime. That the samples to be used were gas-tight 

s confirmed by evacuating the surrounding space 
nd then surrounding them by helium. If they had 
ot been tight, the air that had consequently leaked 
several milligrams) would have been replaced by 
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box 


contaimers were 
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sodium hvdronxice 


a melting point of 310° © and 
for the heat of fusion and the 
timated to be eorreet within 
iv be in erro 
and relative free energy are 


helium. Hlowever, there was no detectable decrease 
inweight. ‘The part of the fine! mass of each sample 
due to silver and the pert due to sodium hydroxide 
were easily obtained using the masses of the empty 
vessel and of the silver removed on sealing 
Preliminary tests had shown that consistently about 


| mg 


silver 


g of silver was lost during such a sealing 
The sodium hveroxide 
obtamed from the Oak Ridge 
which gave as its analysis ‘100.0 percent 
alkalinity calculated as NaOH; 0.05 percent 
NaCO Supultancousl filling the silver 
vessels, three additional samples taken in 
the ary box, and were sealed and stored in a desiccator 
solid potassium hvdroxide 
samples were titrated at the Bureau 
phenolphthalein and methyl orange as 
in the presence of barium chloride and using stand 


process, 
used had been 
National Laboratory, 
O05; 


stock of 


with 
were 
over these 
using both 
indice ntors, 


Two ol 


ardized normal hydrochloric ecid. These analyses 
gave the following results 
Sample NaQOll NaCoO 
‘ « 
‘ t 
l oy, 2 0. 33 
2 ow 4 27 


It seems likely that the remaining approximately 0.4 
percent was largely water \ considerable portion 
of the impurities may have entered during handling 


in the drv box 


2. Cryoscopic Measurements 


Careful measurements of the temperatures of halt 
during cooling were undertaken in order to determine 
the freezing and transition points of the two samples 
on which nearly all of the enthalpy measurements 
were made. Measuring the equilibrium temperatures 
during freezing provided also an estimate of the 
amount of impurity in the samples. The general 
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method and type of apparatus used have been 
described in detail elsewhere|1] Because higher 
temperatures are involved here, it was necessary to 
construct a new apparatus held together by silver 
solder instead of tin 

lhe apparatus used is shown in figure 1. The 
sample container was surrounded by a close-fitting 
rold-plated copper evlinder suspended in the silver 
surrounded furnace core that was later used with a 
the enthalpy measure- 
single junction thermocouple (chromel 
measured the difference in 


Bunsen ice calorimeter for 
ments \ 
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A, Sample of sodium hydroxide; B, sealed container for sample (silver) (shown 


slightly different in shape from that actually used); C, suspension wire (nichrome 

D>, platinum resistance thermometer FE, isothermal jacket (silver); F, heater 
or sample (glass-covered constantan Gi, thermocouple reference block (gold 
plated copper); H, thermocouple junctions silver bands); 1, spacers (nichrome-V 
wire 1, heater leads (copper); K, jacket for sample container, and heater cover 
(gold-plated copper L, pins for supporting sample container; M, auxiliary 
heater for silver jacket (nichrome); N, Inconel tubing; O, Alundum tube; P, main 
furnace heater (platinum); Q, furnace insulation (silica pewder K, porcelain 


tuls 


temperature between the furnace wall ar 
sample, whereas a platinum resistance therm: 
accurately measured the furnace temperature 
method used was entirely similar to the conve) 
cooling-curve technique, except that after a d 
amount of cooling (usually 1 deg), the envi 
furnace was then held constant at a tempe) 
sufficiently close to that of the sample to halt 
of the cooling and so to permit a dependable ey 
tion of the sample temperature. (Becaus: 
thermal conductivity of sodium hydroxide is so 
smaller than that of metals, it was found in pry 
nary trials that the conventional dynamic co 
curve method led to such large thermal lags as 
entirely useless here.) 

The technique adopted consisted in melting al! th 
sample and then cooling it in stages by lowering thy 
furnace temperature 1 deg at a time. After a small 
amount of freezing had occurred, the furnac 
temperature was held constant and the thermocouple 
was read until steady. Subsequent raising of th 
furnace temperature and then maintaining it constant 
slightly above the sample temperature, gave another 
set of data that provided a direct empirical determi- 
nation of the thermocouple sensitivity for measuring 
the difference in temperature between the furnace 
and the NaOH solid-liquid interface, assuming that 
the temperature of the latter had not changed 
appreciably. As this sensitivity was considerably 
lower than such a thermocouple would ordinarily 
give, it was evident that the thermocouple was 
measuring only a fraction of the desired temperatur 
difference, owing to an unavoidable thermal re- 
sistance between the thermocouple junction and 
the NaOH solid-liquid interface. The calibration 
just referred to, however, should have eliminated 
most of the error from this source 

In order to estimate the amount of liquid-soluble, 
solid-insoluble impurity in the sodium hydroxid 
sample, the temperature of the furnace was main- 
tained several degrees below that of the sample itself 
for the time necessary to freeze about half of it 
After again raising the furnace temperature to 
slightly below and then to slightly above the sample, 
and repeating the readings described in the preceding 
paragraph, the temperature of the sample was found 
to have dropped from approximately 317.1° to 
315.8° C. Approximately the same temperatures 
were found for both samples of sodium hydroxide 
In the present investigation the solid-solid transition 
point was similarly determined and for both samples 
was found to be 292.8° C. 

In order to estimate how long to cool the sodium 
hydroxide so as to freeze a certain fraction of it, it 
was necessary to establish the heat-leakage rate of 
the sample in the given experimental environmen! 
This rate was measured by substituting a sealed 
sample of sodium metal, in which the thermal 
gradients could be assumed negligible, and following 
the rate of change in the difference between the 
temperature of the completely melted sodium and 
that of the furnace. As in all cases, the differential 
thermocouple readings were corrected by the reading 
obtained after the two were known to have reached 
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ame temperature. The heat-leakage rate was 
ly calculated from the known masses and specilic 
of the component parts of this system. 

ble 1] summarizes the data obtained in measuring 






transition and freezing points of the two samples 
idium hvdroxide 











‘ H ‘ obvious small inconsistencies mn table ] 
at } veen the fractions frozen and the corresponding 
a le temperatures indicate that these measure 
hy s can be only roughly correct Fortunately, 
enthalpy measurements later made in this 
, perature region furnish independent data for 
‘ rmining the same relationships, and an estimate 
b i he amount of impurity present will thus be 
rred to section 1 
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olf 3. Enthalpy Measurements 
n : Tl 
: © method of enthalpy measurement and ap 
a) 5 
) ; paratus used were described in detail in two early 
rie rep} ah »4 
: papers [2]. Two more recent publications [5,4] 
ny 
a describe the improved apparatus used in the present 
tl 
, investigation. Briefly, the sample is heated in a 
‘) . 
, : silver-core furnace to a known temperature, and is 
es 


then dropped into a Bunsen ice calorimeter that 


de measures the heat evolved by the sample in cooling 
os | to O° CC. Repetition at a number of furnace tem- 
os : peratures enables the heat capacity to be derived 
e over & temperature range Carry ng out such 
ns : measurements also on the empty contamer gives 
blank’’ values that correct for the heat evolved 
. by the container 
- lhe sealed silver vessel was contained in an outer 
led 
‘al sel, partly for mechanical support at the high 
9a mperatures where silver becomes quite soft and 
he irtly to protect the apparatus in case the silver 
ontainer bursts open, rhe outer vessels used were 
nd . 
‘al wuated, filled with helium, and closed (almost 
we ht) by a serew lid before insertion into the furnace. 
~ ree such outer vessels were used, two of com- 
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mercial nickel and the other of a stainless-steel 
type 446. The use of a nickel container at 500 
and 600° was dictated by earlier work by the authors 
with the stainless-steel type-446 containers, which 
were found give results of inferior reproduci- 
bility in this range of furnace temperatures, owing 
to a transition in the steel 

Beside each sample of sodium hydroxide measured 
was placed a small piece of annealed silver such as to 
make the total mass of silver exactly 12 g. In 
measuring the blanks, a 12-¢ annealed piece of the 
same pure silver was put into the appropriate empty 
outer container In this way the results were made 
independent of the explicit heat capacits of silver 
alone Small corrections were applied to place the 
results for with and without sodium 
hvdroxide on the basis of the same mass of each 
material entering the calorimeter. The corrected 
values of enthalpy obtained in individual runs are 
given in table 2 
impurities are included in the results in 
these corrections are large at a few of the tempera- 
tures, as shown in section 4. 
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* These two results were rejected because the lengths of time the sample was 
held in the furnace (02 and 86 min, respectively) were thought inadequate for 
equilibration under these particular condition In the third and fourth runs a 
316° the sample was in the furnace for 142 and 116 min, respectively 
> Rejected for lack of precision 





No corrections for the effects of 
table 2; 


t 





As will be noted from table 2, measurements were 
made on two sampies of sodium hydroxide at each 
of the furnace temperatures 280° and 701.2 The 
agreement within 0.03 percent at 701.2° is con- 
sidered somewhat fortuitous, in view of the precision 
and of the uncertainties in several corrections applied 
Two samples were run at 280° to check on the aceu- 
racy of the sample masses, a large error in which 
would otherwise go undetected. The two runs on 
each sample at 280° agree closely, so that the differ- 
ence between the means for the two samples (only 
0.1 percent in that part of the enthalpy change at- 
tributed to the sample) furnishes evidence that the 
two sample masses were not much in error. There 
may thus be a 0.1-percent discrepancy between the 
masses of the two samples. However, this interpre- 
tation of the discrepancy at 280° is uncertain, as it 
rests on the assumption that the concentration of 
impurity is practically the same in the two samples 
Actually, the corrections derived in section 4 show 
that at 280° the measured enthalpy of each sample 
is about 2 percent too high because of the impurity. 

The silver vessel contaiming the sample (No. 5 
opened during the second run at 701.2 There 
proved to have been no loss of sample, however, so 
the heat measurement was accepted On the other 
hand, in an effort to extend the measurements above 
700° two runs were made on a different sample at a 
furnace temperature near 800° C. A considerable 
quantity of sodium hvdroxide escaped not only from 
the silver container but from the outside container 
as well, so that the calorimetric results for 800° are 
of no value and were discarded 

The reason for the consistent escape of sodium 
hvdroxide from the sealed silver vessels at approxi- 
mately 700° and 800° is not known. The partial 
pressure of water, present as an impurity, may have 
become sufficiently high to blow open the relatively 
soft silver Or the experience of two earlier investi- 
gators [5] mav have been repeated. They found 
that after prolonged contact of the two substances 
near 700°, silver was no longer impervious to molten 
sodium hydroxide 

The two silver containers that opened after a few 
hours at high temperatures were later examined for 
any apparent action on them by the sodium hydrox- 
ide. Neither container showed any visible signs of 
having been attacked. However, the silver that 
had been heated to 800° C was very brittle; it was 
not possible to remove it quantitatively for weigh- 
ing. But the silver that had been in contact with 
sodium hydroxide only up to 700° (and for a shorter 
time) appeared to be no more brittle than pure an- 
nealed silver; after washing and drying, its weight 
was within | mg (0.01 percent) of that before filling 
with sodium hydroxide and sealing. Thus it appears 
that under this limited treatment near 700° no ap- 
preciable silver loosened and became dispersed in the 
molten sodium hydroxide. 

The same nickel container was used as an outer 
vessel for both these silver containers at their high- 
est temperatures There was no detectable loss of 
nickel at 700 But at 800° a hole developed in the 


84 


meckel at one point where the silver had appa 
been in contact with it. According to the lite 
[6], nickel and silver form a nickel-rich solid 

but no liquid phase, at this temperature. O 
other hand, nickel and silver may have form 
electrochemical couple in the presence of the si 
hvdroxide. Otherwise the nickel appeared 

tacked, except for a thorough removal of its 
oxide coating where it had come in contact 
sodium hydroxide 


4. Correction for Impurity: Final Values 


[t has been known for a long time that anhydro 
sodium hydroxide undergoes a solid-solid first-o 
transition at some temperature between 290 
300° C, the high-temperature crystalline form me! 
in the neighborhood of 320 Accurate enthalpy 
measurements on a pure sample of this substance at 
enough temperatures in the range of the present in- 
vestigation, 0° to 700°, should obviously be sufficient 
to determine the heat capacities of the two crystalline 
forms and the liquid (over the respective temperature: 
ranges in which they are stable), as well as the heats 
of transition and fusion 

The unexpectedly large amounts of impurities 
found in the samples analyzed (section 1) make it 
necessary to consider carefully the errors thereby in 
troduced into the thermal results and to correct fo) 
these undesired effects as well as possible. The im 
purities will for the present be taken as consisting of 
0.3 percent of sodium carbonate, as found by chemical 
analyses, and 0.4 percent not accounted for but as- 
sumed to be water. The sources of error thereby 
created in the measured heat capacities are three: (1 
differences between the heat capacity per unit mass 
of the impurities and that of the sodium hydroxid 
2) the extra heat absorbed or evolved in evaporating 
or condensing water in the gas space available, and 
(3) the extra heat absorbed below the melting point 
because of “‘premelting’”’ of part of the sodium hy- 
droxide caused by the impurities 

The first is a minor source of error here. Using an 
estimated heat-capacity equation of Kelley [7] for 
crystalline sodium carbonate given for the tempera- 
ture range 25° to 225° C, it was estimated that 0.3 
percent of sodium carbonate contributes in this way 
an error in heat capacity no greater than about 0.1 
percent. The apparent specific heat of water (when 
saturated with sodium hydroxide below the freezing 
point of the sample) is probably comparable to that 
of sodium hydroxide and may contribute in this way 
no greater error than that due to the sodium car- 
bonate. 

The second source of error also is of minor import- 
ance below the melting point, as the gas space is onl) 
about 1 cm */g of sample, and the partial pressure of 
water vapor over saturated aqueous sodium hydrox- 
ide solutions does not exceed approximately one-third 
atmosphere at any temperature [8]. As the tempera- 
ture rises above 260° C, this partial pressure decreases 
rapidly, and in the present case is very small, possibly 
of the order of 0.001 mm, at the freezing point of the 
sample. 
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r. instead of the 15 me or so that was inferred 


i chemical analyses as having been present orig- 
lv. and b) it will be seen later in this paper (fig. 3) 
the relative enthalpies measured in the liquid 
re give by difference four “observed” heat-capac- 
values that fit randomly the adopted linear varia- 
onof heat capacity with temperature within about 
percent, instead of showing the upward curvature 
hat would certainly be expected if the partial pres- 
re of water increased so fast with rising temperature 
tO ¢ vaporate most of the water at or below TOO 
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“beta.” * It will be assumed that at equilibrium at 
any temperature except the transition temperature, 
| the erystalline sodium hydroxide present in the 
sample is in the form of one of these two pure phases 
this circumstance 
C (section 2), is uninfluenced by the impurities 

a careful study of the NaOQH-Na,CO, system [9] an 
lier investigator was unable to detect any solu- 


the 


transition 


pou 


found, 


tv of NaeCQ, in crystalline NaOH; and according 


to the literature, no solid hydrate of sodium hydrox- 
The existence of a 
‘lid solution of sodium hydroxide and water seems 
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2) The liquid solutions formed by sodium hydrox- 
and the impurities soluble in it will be assumed 
obey Raoult’s law, and therefore also to exhibit 
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no heat of mixing as liquids. It thus becomes a 
simple matter of deducing from the therma! data 
the fraction of the sodium hydroxide ta liquid solu 
tion with the impurities at each temperature (frac 
tion “‘premelted”), and of identifying the extra 
enthalpy (which the sample possesses) with the heat 
of fusion of that amount of liquefied sodium hydrox 
ide. Below the transition temperature this heat of 
fusion is then actually the true heat of fusion (of the 
“beta”? form) plus the heat of transition 

lt is claimed [9] that liquid sodium hydroxide 
forms nearly ideal solutions with sodium carbonate 
On the other hand, the solutions with water are 
certainly far from ideal, as shown by the partial 
pressure data |S] Nevertheless. from the forevome 
treatment it may be shown that between the transi 
tion and melting points the mole fraction of sodium 
hvdroxide in the liquid solution is not less than 
about 0.95, so that the deviations from Raoult’s law 
are probably minor At lower temperatures the 
deviations from this law become increasingly greater, 
of course, because of the larger proportions of 
water; but the thermal corrections become much 
smaller, so that errors in them are correspondingly 
less consequential, The data on the NaOQH-H,O 
system [S|] seemed too inconsistent to allow any 
estimate of the error due to this lack of ideality, 
bevond leading to the belief that most of the thermal 
corrections to be deduced are in error by not more 
than a few percent of themselves 

At this point it may be mentioned that the water 
in the sample is no doubt present at 0° C, the refer 
ence temperature of all the enthalpy values, in the 
form of hydrates of sodium hydroxide. Thermo 
chemical data [10] indicate that for any of the 
several common hydrates the heat of hydration 
(referred to pure liquid water) amounts to approxi 
mately 4 joules for the 0.004 ¢ of water that may be 
associated with each gram of sodium hydroxide. 
llowever, it seems reasonable to assume that as the 
temperature rises the heat of dehydration will be 
more or less balanced by a heat of mixing, as dehy 
dration in the liquid phase is a more gradual process 
Thus no corresponding correction seems in order 
here, 

(3) The third assumption is that the heat capaci 
ties of the alpha, beta, and liquid forms of sodium 
hvdroxide are equal and independent of tempera 
ture, the value taken being 2.15 abs j g7' deg K 
which is the observed heat capacity of the liquid 
extrapolated to the temperature region between the 
transition and melting points 

As the thermal corrections are large enough to 
make this assumption of consequence only between 
the transition and melting points, and as the heat 
capacities of the alpha and liquid forms would be 
found, regardless of this assumption, to be almost 
equal at the boundaries of this temperature region 
(fig. 3), the principal assumption being made here is 
essentially that the heat capacity of the beta form, 
otherwise entirely undetermined, is equal to that of 
the other two forms. This assumes without proof 
that the enthalpy of the beta form increases between 





the transition and the melting point by approximately 
57 j/g—a substantial amount of heat. However, it 
seems unlikely that this is considerably in error, as 
the heat capacities of most substances change by 
only a few percent on passing the melting point 
Enough data were obtained to determine in prin- 
ciple a value for the heat capacity of the beta form; 
but, as was anticipated, such an indirect method is so 
sensitive to small errors in the thermal data (aside 
from deviations from the ideal solution laws) that 
these errors were sufficient to lead to an incredible 
value for this constant (actually a negative value). 
This third assumption is equivalent to treating the 
heats of transition and fusion as independent of 
temperature 
The symbols used in the subsequent quantitative 
treatment will first be defined 
temperature ( C) 
temperature (°K) (=t+ 273.2 
melting point of pure sodium hydroxide 
(°K) 
transition point of pure sodium hydroxide 
(°K 
freezing point of the sample measured (°K) 
(that is, temperature at which m= 1) 
heat of fusion of pure (beta) sodium hy- 
droxide (abs j g . 
heat of transition of pure sodium hydroxide 
(abs j g™') 
total moles of liquid-soluble impurity in 
sample measured, per gram of sodium hy- 
droxide present 
grams of sodium hydroxide in liquid solution 
at temperature 7, per gram of total 
sodium hydroxide 
activity of alpha sodium hydroxide relative 
to the pure liquid at the same temperature 
activity of beta sodium hydroxide relative 
to the pure liquid at the same temperature 
effective molecular weight of sodium hy- 
droxide vapor in any given case 
R= gas constant (=8.3144 abs j mole™' deg K~') 
H= observed enthalpy (at a given temperature 
T) of sample measured, above that at 
0°C (abs j g~') 
The variation of activity with temperature for the 
two crystallline forms of sodium hydroxide is given 
by the two equations [11]: 


dina,/dT=M(L,+-L,)/RT? 
d In a2/d T= ML,/RT 


») 


Integration of eq (1) and (2) and imposition of the 
conditions that when 7=77,,, a.=1, and when 7 
T,, @;=4, lead to the equations 


In a, [M/RUL,A/T 


In ag= —[M/RL,A/T 
The activity of each solid is equal to that of the 


sodium hydroxide in the liquid solution with which 
the solid is in equilibrium, and this in turn is, accord- 


ing to -Raoult’s law, equal to the mole fra; 
sodium hydroxide in the solution, 1—n/(m 
As n is relatively small here, it proves suffi 
accurate to replace In{1—n/(m/M-+-n)] by 
which, when substituted for the left-hand m 
of eq (3) and (4), gives two equations indep 
of M: 


nR/m an "3 an T,,) T< 1 


(T.<T<T,) 


n R mm 


When 


Substituting into eq (6), 


nRT,,7T,=LAT,,—T, 

Before proceeding further, smoothed values of the 
relative enthalpy of liquid sodium hydroxide, based 
on the results of this investigation, will be obtained 
The last six values of relative enthalpy in the last 
column of table 2 (section 3) gave by the method of 
least squares the equation (in abs j g~' at ¢°C): 


180.64 
(319 


2.19908 


HT, (liquid) 
to 700° C) 8) 


o° HH (alpha) 
7.31(110~)# 


The smoothed values given by this equation differ 
from the observed values on which the equation is 
based by the amounts shown in table 3. (Th 
temperature of the melting point, 7, is anticipated 
from the calculations that follow.) The differen- 
tiation of eq (8) gives for the heat capacity of liquid 


| sodium hydroxide the equation (in abs j g™ deg 


C™ at &°C): 


C,=2.199—1.46 (10~*)t (319° to 700° C) 


’ 


Using for the heat capacity a constant value of 
2.15 abs j g™' deg K~', which eq (9) gives at th 
temperatures between the transition and 
points, an equation may now be formulated giving 
the relation among the observed enthalpy H of th: 
sample measured, the enthalpy at the same tempera- 
ture if all were liquid, and the fraction of the sodium 
hydroxide remaining frozen (as beta) in the sample 


874.8—2.15(592.3 


(l—m)L, 


TaBie 3. Enthalpy of liquid sodium hydroxide 


7 
Relative enthalpy, //:(liq) —Hee(a) 


Tempera- 
ture (f . 
Calculated 


from eq (8 Difference 


Observed 


°C 
“319. 1 
325.0 
400. 0 
500.0 
A000 
701.2 


* Melting point, 





melting 








ation of m and n among eq (6), (7), and (10 









IL ATAT T 
. $74.8—2.15(592.3—T)—H. (T7,s TST) (1 
successive substitution into eq (11) of the 
ved enthalpy values (last column of table 2 
5 8°, 313°, and 316° C, together with the corre- 
ing absolute temperatures, gives three equa- 
6 whose simultaneous solution gives for 7, a 
of 589.9° K (316.7° C The independent 
scopic measurements described in section 2 gave 
ing point of these samples of 317.1° C. Adopt- 
7) is a mean 316.9° C (7,=590.1 the three 
tions just referred to will give consistent values 
the he melting point of pure sodium hydroxide and 


heat of fusion if the observed enthalpies HT are 
ed by small amounts that 


Leg ONE AM Fe 


are within the accu- 
last of the measurements: Increasing the observed 
cd of alpy at 313° C by 2.5 abs j g™' and decreasing 
H . of the observed enthalpies at 298° and 316 by 

F this amount lead to: 7 592.3 (319.19 C 
: 158.9 These constants are very close to those 
8) ; would have been obtained frem the ervoscopi- 
observed freezing point and only the two 
iffer erved enthalpies at 298° and 313 These two 
n is ilues, together with the adopted value for 7, of 
The then give, when substituted into eq (7), a 
ated ie for the impurity in the sample, in moles per 

ren- m of sodium hydroxide: n=—0.00012 

juid \ value for the heat of transition, Z,, may now be 
deg found. Substituting the values of the constants so 
; found, eq (6) gives, at the transition point 
- / 566.0), m 0 OS0, corresponding to S.0 percent 
9 ® of the sodium hydroxide liquefied at this temperature. 
Kquation (10) then gives an “observed”’ enthalpy at 
e of fa this temperature, with all the solid in the beta form, 
the f 672.1 abs j g Removal as heat of 92.0 percent 
tine [ey of the heat of transition per gram of pure sodium 
ving hydroxide should then give the “observed” enthalpy 
th. t the same temperature with all the solid in the 
ore. alpha form. Extrapolation of the observed enthalpies 
ium it 100°, 200°, and 280° C (last column of table 2, 
ple section 3 gives for this enthalpy (at 292.8° C) a 
value of 525.9 abs j g actually after a slight 
adjustment by means of a second approximation in 

10 —_ to make all the results entirely consistent 








L,= (672.1— 525.9) /0.920= 158.9. 
Substitution into eq (5) then gives values of m at 
200°, and 280° C, and when these are multiplied 
. the sum of the heats of transition and fusion and 
= then subtracted from the observed enthalpies at 
these temperatures, three values of relative enthalpy 
of pure alpha sodium hydroxide are obtained that 


termine the empirical equation (in abs j g™' at 


(i) 


( 


alpha) — Hoe¢(alpha) 


1.968(10~°)# 


1.4764¢4-2.195010-) 


(0° to 292.8° C) (12) 
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(As was intended, this equation gives at 292.8° C 
a value that is consistent with the “observed” value 
of 525.9 abs j g~' used above 

It is of interest to solve eq (3) for the temperature 
at which a,—1. This gives 305.7° C, which is the 
temperature at which the alpha form would melt if 
the beta form, which the more stable at this 
temperature, did not appear. Such metastability is 
very important in the case of some substances; but 
only a slight amount (brief supercooling once at the 
transition point) was detected in all the present 
cryoscopic and thermal measurements on sodium 
hydroxide, and this is in accord with the report of 
another investigator [9] 

Some of the results of the preceding treatment may 
now be compared with those found in the eryoscopic 
measurements (section 2) and by chemical analysis 
(section | It will be noted from table 1, section 2, 
that for the two samples the estimated fractions 
frozen at 315.8° show poor agreement, though the 
values found for the freezing points of the two 
samples approximately agree. This is thought to be 
due to the crude method of determining from time 
interval and average temperature difference the total 
heat passing from sample to furnace in such partial 
freezing, particularly as the solid-liquid interface of 
the sample was no doubt moving constantly toward 
the center of the sample, setting up an extra tempera- 
ture gradient across the solid that for so poor a ther- 
mal conductor was difficult to estimate and allow for 
correctly The above treatment, In comparison, 
at 315.8° a still somewhat lower fraction 
present as solid than the two eryvoscopic figures, and 
hence a somewhat greater proportion of impurity in 
the sample, though of the same order of magnitude 


Is 


vives 


As shown above, the treatment of this section gives 
for the moles of impurity per gram of sodium hydrox- 
ide (n) a value of 0.00012. On the other hand the 
chemical analyses referred to in section 2 
value approximately twice as great if the effective 
molecular weights of H.O and Na,CO; be taken equal 
to their formula weights. It is not known whether 
the last assumption is unjustified here or whether 
the samples chemically analyzed contained more 
impurity than the samples measured thermally 


vive a 


At any rate, the samples contained several tenths 
of one percent of impurity, and the derived heats of 
transition and fusion are proportionately low 
because this fact was not taken into account. The 
uncertainties due to the assumptions of the above 
treatment, however, are probably more serious and 
must be considered to render the derived heats of 
transition and fusion uncertain by perhaps as much 
as 5 percent. However, the observed enthalpy for 
liquid sodium hydroxide near the melting point 
should considerable accuracy. Thus the 
total enthalpy change in the conversion of pure 
sodium hydroxide from the alpha form at the transi- 
tion point to liquid at the melting point should be 
given rather accurately by the results of the present 
investigation. And as this relatively large enthalpy 
change occurs over a range of only 26 degrees, its 
contribution can hardly produce much error in the 


too 


pe SSECSS 





| 
: 


absolute entropy and free energy of the liquid, as 
tabulated in section 6 

The accuracy of the treatment carried out 
present section cannot be expected to equal that of 
highly pure 


vive more 


in the 


accurate enthalpy measurements on a 
sample, though such a treatment would 
accurate corrections the purer the sample measured 
Nevertheless, it is believed that the present corrected 
results are more accurate than have been published 
to date for sodium hydroxide over this temperature 
range 

The final results for pure sodium hydroxide, based 
will now be sum 


on the present investigation only 
and heat capacity 


marized (with enthalpy in abs j g 
inabs jg 'deg Co! at ’ec 


Alpha NaOH, 0° to 292.8° ( 


HT, 1, 1.476474-2.195110-9#+-1.968(10~°)t 
( 1476+4.390110°94-+ 590011079 

Transition, 292.8° ¢ 

Heat of transition, 158.9 
Beta NaOH, 292.8° to 319.1° ¢ 

11,68) —Hyla 290.942. 15¢ 

( 2.15 
Velting, 319.1° ¢ 
Heat of fusion, 158.9 


to FOU? ¢ 


Liqu d, oT 











IT, (liquid) — 11 .(a@ 180.6 -+2.1990¢—7.31(10~5)t 
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Fiaure 2. Observed and corrected ¢ nthal py of sodium hydroxide, 





It is teresting to compare the above (co) 
enthalpy-temperature relations with those ol 
This comparison Is 


on the samples measured 
in figure 2 for the temperature region in wh 
difference is significantly large. The dotte 
deviates from the points to the 
necessary to make it consistent with the simp 


obser \ ed 


assumptions made in this section 


5. Comparison With Other Measurements 
Various values for the transition and m: 
points of sodium hvdroxide have been reports 

the literature Together with the values for 
obtained in the present investigation, they ar 
in table 4. Some of these temperatures were appa 
ently determined on samples containing consid 


impurity whose effect was not allowed for. 
The present 

j@”', for the heat of transition and the heat of fusio 

The only values that were found in the literatur 


work gives the same value, 159 ahs 


those of von Hevesy [12] and Seward [9]. Von 
Hevesv obtained from cooling curves 104 and 168 
abs j g', respectively. Seward did not attempt to 


measure the heat of transition, but calculated fron 
the effect of sodium carbonate on the melting point 
a value of 175 abs j ¢' for the heat of fusion. Thoug! 
Seward’s measurements were apparently made with 
considerable care, his assumption of the effectivs 
molecular weight of Na.CO, in these solutions being 
equal to the formula weight is open to question for 
so strong an electrolyte. His value for the heat of 
fusion of sodium hydroxide depends directly on this 
assumption 

A few investigators have measured the heat capa: 
itv of sodium hydroxide. Bliimeke [17] obtained 3.26 
abs j g deg Cu! between 0° and 98° C, a valu 
that is undoubtedly much too high. Terashkevich 
and Vishnevskii [18] covered the range 20° to 600° ¢ 
using samples of sodium hydroxide of 99 and 96 per- 
cent purity. Their results have been systematically 
formulated by Hulme [19]. Recently (1951) the en- 
thalpy of the liquid from the melting point to 990° C 
was measured at the Oak Ridge National Laboratory 
using a Bunsen ice calorimeter [20]. The results of 
this work were expressed by an equation which when 
converted to terms of abs j g™' is: 


alpha 275.34 2.067 


HT, (liquid) —/7, 


Tarte 4 Transition and melting points of sodium hud 
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orresponding heat capacity, 2.07 


0.0S absjg! 
( agrees within the precision with that of the 
the entire 





nt measurements ovel temperature 
both; but the values of enthalpy 


differ considerably (by HO yg at 325 


: covered by 

' ed tov - 
an adiabatic calorimeter and sodium hydroxide 

least 99.84 percent pure, Kelly and 
21] measured the heat capacity from 60° to 


to be at 


at cup itv, us measured in the present 
nition and corrected below the melting point 
etion 4, with the the 


investigators in figure 3 


nts 


2 haa at 


is compared values of 


; he curve representing the present results for the 
: lorm fits fairly smoothly (above 25° C to that 


ned from the precise low-temperature measure 
ts of Kelly and Snyder [21], and shows at highe: 
wratures an upward curvature similar to that 

by the present authors for crystalline lithium 
its melting point [4] As has already 
the heat capacities ol 


Lbs rid 
’ pointed out im section 4 


heat 


and liquid sodium hydroxide show the custom 











: behavior of being roughly the same hen the 
68 ng point. Finally, attention may be called to 
0 : vradually decreasing heat capacity of liquid 
Por { im hydroxide with temperature according to the 
mnt sent measurements. Such a gradual decrease not 
gh above the melting point has been found for 
vitl nerous other liquids whose heat capacities have 
tive en measured in this laboratory for all liquid 
Ing tals measured, and very recently for the eutectic 
lor 
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mixture of lithium and potassium chlorides over a 
range of 450 deg the temperature 
The decrease of heat capacity with rising temperature 


above eutectic 


has a theoretical basis in the case of simple liquids 


6. Thermodynamic Functions of Sodium 


Hydroxide, 298.2° to 1,000° K 


Using the corrected enthalpy results summarized 
at the end of section 4 together with Kelly ana 
Snvder’s value of 15.34-+-0.1 cal/mole-deg K for the 
entropy at 298.2° KK [21] 
thermodyvnami properties ol sodium hy 
relative enthalpy, energy, 
entropy, and heat capacity) were computed from 
298.2° to 1,000° K and are given in table 5.) It will 
be noted that the values of enthalpy and free energy 
enthalpy at 298.2° hk 
as vivel is the absolute entropy 


absolute some of the 
Common 
free 


droxide relative 


relative to the 
entropy 


yiven are 
whereas the 





that is. relative to 0° K 
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The sodium hydroxide was supplied by members 
of the Oak Ridge National Laboratory Credit is 
due several ‘members of the National Bureau of 
Standards: To S. W. Clabaugh and J. W. Donovan 
for investigating means of preparing pure sodium 
hydroxide, as well as for analyses of samples; to 
J. M. Sherfey for making available a special dry box. 


The other source of entropy data is the emf measurements of Shibata, who in 
two papers [22] gave values of 17 snd 12.43 for this entropy Kelley [23] lists 14.2 
+1.5, based on this work, Kells 


und Snyder [21] gave a table of thermodynami 
hydroxide from 60° to 300° K, based on their own measure 


functions of sodium 
ments 
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[eat Content of Molybdenum Disilicide From O° to 900° C' 


Thomas B. Douglas and William M. Logan 


The heat content relative to 0° C 


a silver-core furnace, and a precision ice 


approximately 2 percent 


H.-H 


HMpurities 
0.485601 
giving between O° and 900° C 
uo ¢ 
absolute joule gram 
between LOO 


percent and S00 


of a sample of molybdenum disilicicde 
measured at 100-degree intervals up to 900° C 
calorimeter 
reported to be in the sample 


3.586010 


the heat content in absolute joules per gram at f° less 
represents the unsmoothed corrected mean values 
his equation is believed to have 


Values of the relative 


Mossi 
using a nichrome-V container for the sample, 
applied for the 


Was 
Corrections were 
Phe equation 


$1.78 logy[(¢ + 273.16) /273. 16], 


that at 
deviation of 0.24 
within 2 


and 


with an average 
, 


an absolute accuracy 


heat content, heat capacity 


relative entropy derived from this equation are formulated and tabulated at even te mpera 


tures 


1. Introduction 


There are several compounds of molybdenum and 
of which the known is the disilicide 
iis substance has considerable resistance to oxida- 


con best 
tion, and because of this and other properties, shows 
promise as a high-temperature structural material. 
No measurements of its heat capacity were found in 
the literature 


2. Experimental Procedure 


The sample of molybdenum disilicide, broken into 
pieces of about 2- or 3-mm diameter, was furnished 
by the Lewis Flight Propulsion Laboratory, National 
\dvisory Committee for Aeronautics, Cleveland, 
Ohio. This laboratory that the impurities 
were approximately as Iron, 0.8 percent; 
oxygen, 0.50 percent; 0.34 percent; and 
arbon, 0.17 pereent 

\ preliminary test of a separate portion of the 
sample was conducted to determine its apparent 
behavior at high temperatures toward oxygen and 
toward nichrome V, in anticipation of using the 
latter as a container material. Simple heating at 
1,000° C for a few minutes on a nichrome 
plate in air gave no obvious evidence of oxidation of 
the MoSi, nor of its attack of the nichrome. 

The method and apparatus employed for the heat- 
ontent measurements were described in detail in an 

lier paper.’ Briefly, the procedure involved heat- 

the sample, in its helium-filled container of 
chrome V, to a known temperature in the furnace. 
lhe sample and container were then dropped into 
the ice calorimeter, which measured the heat deliv- 
ed in cooling to 0° C. Repetition of the same pro- 
lure On the empty container measured the part of 
heat that had not been delivered by the sample 


lf. From such measurements of relative heat 
———— 
work Was supported by the United States Air Force, Wright Air Develop 
Center, Wright-Patterson Air Force Base, Ohio 
©. Ginnings, T. B. Douglas, and Anne F. Ball, J 
R P2110 


stated 
follows 
nitrogen, 


about 


thy 
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content at a sufficient number of furnace tempera 
tures, the heat capacity over the temperature range 
covered can be derived by one of the usual methods 

The furnace temperature was measured up to 600 
C by a platinum resistance thermometer, and above 
600° by a platinum-platinum-10-percent-rhodium 
thermocouple. The calibration factor of the ice 
calorimeter, as determined earlier by numerous 
electrical calibrations, and with the same apparatus, 
is 270.48 abs j/g¢ Hg 


3. Heat-Content Data and Corrections 
Applied 

Several very small corrections to the measured 
heats were made whenever significant, especially for 
the small heat leak of the calorimeter (usually about 
2 j/hr) and for slightly varying masses of container 
materials entering the calorimeter. ‘wo major cor- 
rections, however, had to be applied. These were 
(a) for increases in weight of the container itself, 
iotaling several milligrams throughout the series of 
measurements, due to oxidation at the higher tem- 
peratures by traces of oxygen in the furnace atmos- 
phere, and (b) for the impurities in the sample of 
molybdenum disilicide listed in section 2 

The corrections for oxidation of the container were 
computed from the differences in heat content of 
Fe,O, and metallic iron.’ The them- 
selves were relatively small (in no instance exceeding 
0.7 percent of the total heat measured), and should 
be sufficiently accurate for this purpose, as the in- 
crease in heat content during oxidation of tron or 
ove of the metals composing nichrome V depends 
largely on the amount of oxygen acquired, regardless 
of which metal is involved or which of its oxides is 
formed. 


— 


corrections 


The factor, differing slightly from the previously published value of 270.46 
(footnote 2), was arrived at by a correction of the circuit constants applicable in 
all the calibration experiments 

‘ Kelley, Contributions to the data on theoretical metallurgy, X. Entropy 
data for inorganic compounds, U. 8. Bureau of Mines Bulletin 476, U. 8. Govern 
ment Printing Office, Washington 25, 1). C., 1049 





The heats found were corrected for the approxi- 
mately 2 percent of reported impurities by caleu 
lating in a similar way the approximate differences 
in heat content that would occur were the impurities 
replaced by the same mass of pure molybdenum disil 
icide. Taking advantage of the roughly approximate 
equality of the gram-atomic heat capacities of many 
elements at temperatures not too low, the effects of 
the impurities oxygen, nitrogen, and carbon were 
corrected for as though these elements were present 
in the form of the same total number of gram atoms 
of oxygen only, and in the manner described above 
The effect of the impurity iron was corrected for 
using the heat-content values of this element given 
by Kelley (see footnote 4). Making the total cor 
rection for the impurities at each furnace tempera- 
ture was equivalent to decreasing the net measured 
heat content of the molybdenum disilicide sample by 
approximately 3 percent. The greatest part of this 
correction can be attributed to the fact that the 
average atomic weight of the impurity content ts 
much smaller than that of MoSi 

The corrected measured heats from individual runs 
are given in table 1 in absolute joules, and at each 
temperature in the chronological order in which 
they were obtained The mass of molybdenum «i 
silicide was 16.560 ¢ in each case. For each tem 
perature the last three columns afford a compari- 
son between the observed mean net heat content per 


gram and the corresponding smoothed value caleu 


lated abs described in section 4 
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* Not measured directly, but found by interpolation 
* Excluded from the mean because of inferior precision 


. Heat Content, Heat Capacity, and E; 


The corrected smooth values of the heat om 
of molybdenum disilicide, in excess of that a 
are represented from t=—0° to ¢—900°C } 
equation (in absolute joules per gram) 


I1,—11,— 0 AS560t+-3.586(10 
$1.78 logyol (¢ 


whose coeflicients were found by least square 
the observed values of the fourth column of ts 
Differentiation of eq (1) gives the heat ea) 
(in absolute joules per gram deg C ) 


0.4856 +7 .17(107°)t-18.14/(t4+- 273.16 


Values of heat content caleulated from eq (1) are 
listed in the fifth column of table 1, and smoothed 


values of heat capacity calculated from eq (2) an 
listed in table 2 
Figure 1 affords a graphical comparison between 


the heat capacity in calories per gram-atom degre 
C’ as calculated from eq (2), and the “observed 
values calculated from successive differences of meay 
nectar con 

" Mo “0.71 one-third the men 
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One calort 1.1840 aly 
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Fiaure |. Heat capacity of molybdenum disilicid: 
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corrections for curvature® have been 
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to the The heat CUpPAcity 
of figure 1 be compared with 6.3 eal/g 

, deg C, a value that holds approximately for a 
number of chemical elements and compounds 

ese temperatures. This simple generalization 

h is very useful for rough estimates, predicts 

iwh a heat capacity at room temperature for 
i inees containing elements of low atomic weight 


silicon), as the tendeney for the Debve tem 


m : 
4 ires to be unusually high in these cases causes 
ty ; heat capacities to approximate this predicted 
only at higher temperatures 
: « precision of measuring the net heat content of 
9 : dlenum disilicide at any given temperature, as 


mined by the variation of individual measure 
al ts recorded in table 1, corresponded to a probable 
of the mean 0.05 pereent The 
ponding probable error of the mean “observed” 
capacity values calculated from the enthalpy 
furnace 
pereent 


averaging 


at two successive temperatures 


The differen e 


veon these “observed” heat capaciiies and those 


was 
d to average O35 
Considering 
» the possible svstematic errors, it is believed that 


» by eq (2) average OLS percent 


absolute error ol eq | low S not exceed 2 pere ent 
etween LOO? and 800° © 

; The mereased uncertainty 
the heat 


ta ct ARR asta) itt Sa 


in evaluating a deriva 
near the ends of the 
e of measurement is exemplified by comparison 

of eq (2) with the best 
the disagreement between the two equa 


here capacity 


corresponding quadraci« 


being less than 0.5 percent between I1CO° and 
S00° but amounting to 1.7 percent at 0 The best 
mdratic equation fits the “observed” values with 


the same average deviation as eq (2), but has a less 
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plausible form, as it would lead to a maximum in the 
heat capacity at some temperature above 900 
Taking the “molecular weight” of MoSi, as 152.15, 
content, relative 
readily derived 
mole and at 


relative heat 
entropy, and heat capacity may be 
from eq (1 In 


mk 


equations for the 


terms of calories 


these equations are as follows 


O.OOTLs047 
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Il, 16.0447 


isi 2 lov / 


O016 log, 7) 0.002617 
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Values up to 1,200° K 
are given in table 3 


calculated from eq (3 | 
and (5 
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Precise Comparison Method of Testing Alternating- 
Current Watthour Meters 


A. W. Spinks and T. L. Zapf 


A brief descriptior 
at the National 
faster and less laborious method 


Equipment with several novel features has been assembled for making precise 
alternating-current watthour meters by a comparison 
watthour meters 
“Standard 
transformers as a reference standard to test 
testing procedure is explained 


lected alternating-current 
One of this group, designated the 


Instrument 


lr} 
he 


tests 


precision 


results of the are derived 


An analysis of the possible errors of measurement and data from numerous té 
nt of energy applied to a watthour meter 


that the mea 
to better than 0.06 pe 


surem 
reent. 


1. Introduction 


1 many vears the National Bureau of Standards 
mploy ed a method of testing alternating-current 
tthour meters, which, although very precise and 
irate, is tedious and time consuming. By this 
hod, the energy indicated by the watthour meter 
der test is compared with the true value of energy 
measured in terms of a constant and accurately 
wh power and an accurately determined time 
rval The power 1s held constant with the aid of 
standard electrodynamic wattmeter ' which is cali- 
ited on reversed direct current before and after 
For this test, a very stable, manually 


nh run 


mntrolled alternating-current source is required to 


I] 


sure a steady value of power 
In the midthirties it was observed that repeated 
s;on particular watthour meters showed remark- 
small deviations from the initial test values 
suggested the possibility of using a group of 
itthour meters of demonstrated good repeatability 
The register and gear 
from each meter to reduce 


secondary standards 
could be removed 
tion. Disk revolutions would be counted photo 
trically 
Four such meters were but unfortu- 
ely, work on this project was interrupted, and 
struction of a permanent setup and the apparatus 
ntercomparing the meters was delayed. In 1940 
paper of Goss and Hansen describing the excel- 
performance of a group of watthour meters 
ised a revival of interest in this project. Further 
perimental work led to detailed plans, but actual 
op construction was interrupted by duties imposed 
World War II. 
Work was resumed after the war, and the equip- 
nt, except for minor modifications, was con- 
ited as originally planned. This apparatus has 
n under observation for several vears, and its 
able performance has been verified The new 


H. Park 


obtained, 


und Arthur B. Lewis, Standard electrodynamiec wattmeter and 
insfer instrument, J. Research N BS 25, 545 (1940) RP1344 
H. Gioss and A. Hansen, Jr., A vrecision rotating standard for the measure 


kilowatt hours, Trans. ALE FE 58, 412 (1940 


of the basic method of testing 
Bureau of Standards is given, f 
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irrent watthour meters 


alternating « 
ollowed by a desert ption of equipment for a 
tests of 
a group fully 
standard group 
with 


method emploving f care 


dary 


d 


Secor 


vhich serve 


W att hour 


aes ih 
Meter . 
watthour meters 
used in 


Is USé€ multirange 
good 


the 


other wit! 


and the formulas computing 
“ts indicate 


under test can be relied upon 


equipment now used at the National Bureau of 
Standards in preference to the older equipment for 
practically all of the testing of a-c watthour meters 
This paper describes the equipment, the procedures 
1 use, and the results 


Is 


followed its calibration and 


obtained, 


2. Equipment 


‘ 
i 


Basically, the complete equipment consists of a 
group of modified commercially available portable 
watthour meters maintained at a constant tempera- 
ture, and the means for their calibration and inter- 
comparison with a high degree of precision. In order 
to eliminate friction except at the top and bottom 
bearings, the meters are not equipped with registers 
Instead, phototubes serve for counting revolutions 
of these meters, which are operated continuously 
during a test. For any direct intercomparison, some 
means of reading the of at one 
meter of the group to a fraction of a revolution is 
extremely desirable This is accomplished by pro- 
viding a light-beam pointer and a special circular 
phosphorescent scale for one of the meters. At the 
beginning and again at the end of each run the light 
source for the pointer (a mercury-vapor lamp 
flashed, leaving spots on the phosphorescent scale 
that persist for several The standard 
meters are always operated at the same voltage and 
current Other ranges are provided by special volt- 
age and current transformers 

Originally it was intended to use four house-type 
meters, one from each of four American manufac- 
turers. Each of the manufacturers was consulted, 
and asked for advice in the selection of the meters. 
Two of the manufacturers recommended their port- 
able standards rather than house-type 
meters. As a result, the original setup was designed 
to accommodate two portable standards and two (o1 
more) house-type meters. More recently, however, 
a different type of watthour meter has proved to be 
so much more stable than the older house-ty pe meters 
originally procured, that the latter have been re- 
placed by two of the newer type 


registration least 


Is 


seconds 


selected 





| 


The two original portable standard meters were 


temperature-con- 


housed in separate 


individually 
trolled enclosures, each 
tially of a Bakelite housing complet« ly surrounding 
of the meter, a mercury thermo- 
and four small 


enclosure consisting essen- 


the aluminum case 
regulator to control the temperature 
lamps distributed inside the aluminum case to serve 

The temperature is regulated at approxi 
mately 35° C to better than 0.2 deg C The upper 
end of the meter shaft projects through the top of 
the Bakelite en losure. The mirror for the light- 
beam pointer is attached to this end of the shaft at 
to the axis of the shaft Kach meter 


as heaters 


an angle of 45 
en losure Is assembled on a brass base plate to make 
a complete unit for interchangeable mounting in the 
housing that holds the phosphorescent scale The 
particular portable watthour meter that is used with 
the circular scale is referred to in this discussion as 
the Standard Watthour Meter, as distinguished from 
the Comparison Standard Watthour Meters 

The cast-aluminum circular-seale 
housing is equipped with leveling screws. The cir- 
cular scale, approximately 26 inches in diameter, is 
assembled on brackets attached to the base of the 
housing. The meter enclosure rests on screws for 
leveling the meter and adjusting its height for proper 
scale alinement. These screws, in turn, are mounted 
on an adjustable centering plate, which permits 
centering the axis of the meter shaft with respect to 


base of the 


the seale. 

The mereury-vapor lamp is mounted on a hinged 
A diaphragm below the lamp 
-mm aperture that serves as a point source 
of light. Adjustments are provided for centering 
the light beam. The light path is vertically down- 
ward from the aperture through a lens to the mirror 
on the end of the meter shaft where it is reflected 
horizontally to the circular scale, a curved brass strip 
coated with phosphorescent paint. The dark-blue 
component of light from the aperture is focused by 
the lens to provide a well-defined image of l-mm 
diameter when a flash occurs. Flush with this strip 
and directly below it is a circular strip of Lucite 
engraved with 1,000 small divisions (about 2 mm per 
division). Every tenth division is numbered. Effee- 
tive use of the phosphorescent scale requires that 
the room be semidark; therefore, the Lucite scale is 
provided with edge illumination by 12 small panel 
lamps spaced at regular intervals. The zero mark 
on the scale, which is also the 1,000 division mark, 
is centered on the bracket supporting the mercury 
lamp. There is a narrow slit cut through the scale 
and bracket at this point. A phototube, which is 
used with auxiliary apparatus for counting revolu- 
tions, is mounted directly behind this slit. Figure 1, 
a photograph of the Standard Watthour Meter, 
shows most of these features. 

The temperature-controlled cabinet originally de- 
signed for the house-type meters is now being used 
to house the newer type watthour meters, which 
serve as comparison standards. Its dimensions are 
approximately 112 em long, 37.5 em wide, and 30 
em high. It consists of a wooden cabinet with a 
removable glass top, a thermoregulator, electric 


arm above the meter 
has a 


96 





heating coil, and a small blower for circulating th 


air within the cabinet. Temperature is maintaine 
at approximately 40° C to within +1 deg C 

The accessory electronic equipment performs three 
functions. The first function, that of counting. is 
accomplished by a relay pulse-counting cireuit by 
means of which either a predetermined length of tim 
or a predetermined number of revolutions of a watt- 
hour meter may be used to make or break elect: 
circuits. The counting circuit may be preset to 
count seconds or revoltuions from 1 to 999. Wher 
calibrating the Standard Watthour Meter, using th 
Standard Wattmeter to aid in maintaining constant 
power, the counting circuit is operated by pulses 
accurately spaced 1 second apart. These pulses ol 
seconds signals, are derived from the quartz-crystal- 
controlled frequency standards maintained at the 
Nationa! Bureau of Standards, and, as a basis for 
timing, are reliable to better than a part in a million 
With the aid of phototubes the pulse counter can b 
used for counting the revolutions of the disk of 
either a comparison standard, the reference standard 
or a watthour meter under test. 

The second function of the accessory electron 
equipment is that of flashing the mercury-vapo! 
lamp. The pulse counter completes a circuit for the 
starting pulse to trigger a thvratron whose plate 
circuit discharges a capacitor through the mercury- 
vapor lamp. The capacitor is charged to approxi- 
mately 1,000 v by means of a conventional high- 
voltage power supply. The lamp is_ normally 
supplied with a current of 0.7 amp from a 240-\ 
d-c powercircuit. Normal voltage provides sufficient 
light intensity in the beam to trigger the phototulx 
each time it, passes over the slit in the scale. A larg: 
choke prevents the capacitor discharge from entering 
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calibrated with 120 v, 5 amp applied, 
actor 


er circuit Just before the end of the preset 


terval (or preset number of revolutions of a 


the pulse eounter agam completes the eireuit, 


the last or stopping pulse fires the thvratron 


he flashing is entirely automatic; the timing of 
sh depends on the signal pulse, which in the 


the seconds signals is accurate to better than 

n a million 

third function of the 
yment is that of counting the disk revolutions 

Standard Watthour Meter. This, 
During a run the constant light actuates 
thototube behind the in the scale This 
es an electromagnetic counter by means of an 
thvratron An 
the circuit of the thvratron 
to prevent except during the run 
pulse that flashes the mercury lamp is also fed 
erids of the electronic-switch tubes. The first, 
pulse that flashes the lamp also enables 
etion in the counter thvyratron and 
tine to start The second, stopping, 
flashes the lamp again at the end of the preset 

or counting interval, disables the thvratron 


anecessory electronic 
too, 1s 
nti 
slit 
small electron 
cathode 
counting 


fier and a 


tH opens 


ting 
allows 


or pulse 


stops the counting 


3. Testing 


he accuracy of a test of a watthour meter, using 
upparatus deseribed is direc tly dependent upon 
previous calibration of the reference 
ndard, the stability of which is substantiated by 

recent intercomparison tests. Phantom loading 
mploved in all tests. Correct circuit connections 
made rapidly by means of links on an otherwise 
manently wired circuit board 


latest 


Calibration of the Standard Watthour Meter 


The word “calibration” usually implies not only 
carefully made but an initial careful 
djustment or marking of the apparatus under test 
the purpose of this however, a 
libration of the Standard Watthour Meter implies a 
st to determine accurately its percentage registra- 
on and possibly, but not necessarily, an adjustment 
s mechanism in order to bring the percentage 
stration within certain limits 
The Standard Watthour Meter 


test, also 


discussion, 


is periodically 
at unity power 
power factor with the current 
agging the voltage. During calibration, a measured 
lue of a-c power is maintained constant for an 
irately determined time interval 
The testing circuit is shown in figure 2. In the 
ntial circuit it is important that the effective 
iinals of the Standard Wattmeter be located 
sely at the Standard Watthour Meter terminals 
ilternating current, and at the volt-box terminals 
current. Henee the lead resistance from 
switch the Standard Watthour 
ter potential terminals and the volt-box 
nals must be equal to prevent errors that would 
rwise be caused by a difference in IR drops in 


and at 0.5 


lirect 


ac —d-e to 


to 
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POTENTIOMETER 



































Ve 
the voltage 
terminals, 
otherwise a phase-angle error in the watthour-meter- 
potential circuit might result from an IR drop in 
the leads. Lead resistances are checked and adjusted, 
if necessary, just before each calibration Note also 
in figure 2 that the moving-coil side of the Standard 
Wattmeter potential circuit is grounded, and that 
the current circuit is connected to ground through a 
rectifier-type voltmeter, a 300-v instrument having 
a total resistance of 300,000 ohms. This serves as 
an tie ground, which minimizes 
electrostatic forces between fixed and moving coils 
of the wattmeter, and provides an indication of the 
presence of leakage current and its magnitude 

In calibrating the Standard Watthour Meter the 
procedure is as follows. First, temperature equi- 
librium of the entire equipment is established by 
applving a-c power adjusted (in the of the 
wattmeter and watthour-meter circuits) to approxi- 
mately the values required for the test and then 
waiting for an hour two before proceeding 
After temperature equilibrium has been attained, 
the Standard Wattmeter is calibrated on reversed 
direct current to indicate the desired value of power 
Alternating-current power is restored to the Standard 
Wattmeter and Standard Watthour Meter circuits 
and adjusted to give the same deflection of the 
Standard Wattmeter that obtained on direct 
current The a-c power is held substantially 
constant throughout the run 

The pulse-counting circuit is then energized, The 
next seconds signal flashes the mercury-Vvapor lamp 
and starts the run. The position of the spot on the 


that 


Same 


also 


the leads It is 
supplies be 


Important 


connected to these 


electrostatic to 


cuse 


is 


phosphorescent scale is recorded to the nearest divi- 


At the end of the preset interval (usually 
100 seconds) the final seconds pulse again flashes the 
mercury-vapor lamp, thereby ending the run. The 
position of this last spot is recorded as well as the 
reading of the revolution counter, which indicates 
the number of complete revolutions. Thus, the 
number of revolutions of the Standard Watthour 
Meter’s disk equals the reading of the revolution 
counter plus the scale reading at the end of the run 


sion. 





minus the seale reading at the beginning of the run 
Kor example, if the reading at the start of the run 
were 872 divisions, and at the end of the run, 498 
divisions. and the revolution counter read 10, the 
number of revolutions would be 10 +-0.493— 0.872 

9 621 After the a-c run. two additional readings of 
the Standard Wattmeter on reversed d-c power are 
obtained in the same manner as at the start, giving 
a total of four d-c readings.  ¢ is taken to insure 
a minimum of delay between the d-c readings and 
the run with alternating current If this is done, 
any small linear drift’ that may present in the 
deflection the Standard Wattmeter causes no 
significant error in the result. The d-c readings are 
averaged and a correction applied for the difference 
reading 


ure 


be 


between the a-c setting and the average d-c 
Corrections are also applied for known errors in the 
standard, volt wattmeter (phase- 
_ and for deviations from normal of the 


resistance box 
defect angle 
average frequeney of the source, if significant 

The formula used in this calibration for computing 


Cor ( tan ¢ | 


percentage registration is 


1 100 KR 3600, D 
AN E VoKet 
where 


K 


D 
DD 


disk constant of the watthour meter, in 
watthours per revolution 

nominal resistance 
in ohms 

number of disk 
meter 

potentiomete! 
justing the d-c voltage 

nominal volt box ratio 

potentiometer setting, in volts, 


justing the d-c current 


of resistance standard, 


R 


of watthour 


revolutions 


setting, in volts, when ad- 


when ad- 

time of rup in seconds 

average of the four deflections the 
Standard Wattmeter, in centimeters, ob- 
served during the d-c calibrations before 


of 


and after each run 
average deflection of Standard Wattmeter, 
centimeters, maintained during the 
run 
correction to the 
parts per unit, 
correction to the volt box, in parts per unit 
correction to the Standard 
Watthour Meter, determined from the 
reading of the timer, the 
time duration of the run, and a frequency 
correction factor obtained in a separate 
test of the Standard Watthour Meter 
phase defect angle of the Standard Watt- 
meter, in radians, positive if the moving 
coil current leads the supply voltage 
power factor angle, which is the angular 
phase difference between the voltage, E, 
applied to the Standard Wattmeter, and 
the current, 7, in the Standard Watt- 
meter current coils, and is positive if the 


in 
ac 
standard, in 


) resistance 


frequency 


synchronous 


current lags the voltage 
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A complete derivation of this equation ap} 
the appendix 


3.2. Tests of the Comparison Standard Wa 
Meters 


The watthour meters used as Comparison § 
ards are tested with 120 v and 5 amp appli: 
unity power factor, and at 0.5 power factor 
the current iagging the voltage. The meth 
testing a Comparison Standard Watthour 
involves a comparison with the Standard Wat 
Meter immediately following or during its calib; 
and periodically between calibrations. Figur 
a diagram of the circuit involved in the inte 
parison of the standard watthour meters. 

The similarity between the circuit shown in { 

3 and the alternating-current portion of figu 
should be noticed. When a calibration of the Sty; 
ard Watthour Meter is in progress the Compa 
Standard Watthour Meters shown in figure 
incorporated in the circuit of figure 2, although jy 
the interest of simplicity, this modification is not 
shown in the figure. With the cireuit revised jy 
this manner, the Standard Watthour Meter, th: 
Comparison Standard Watthour Meters, and th 
Standard Wattmeter are energized simultaneously 
and the calibration runs on the reference standard 
can be performed alternately with intercompariso; 
test runs, thereby insuring nearly identical conditions 
for both Truly simultaneous testing of th 
reference standard (having the circular phosphores- 
cent seale) and the comparison standards is possibl 
with the addition of more equipment, but it is by 
lieved that any improvement that might 
from simultaneous testing would be small 
detect with certainty. 

There a phototube-lamp combination 
sociated with each Comparison Standard, but onl) 
one of these combinations is energized at a tim 
The phototube produces a pulse for each revolution 
of the disk of the Comparison Standard under test 
This pulse is amplified and used in conjunction with 
the pulse-counting circuit to start and stop the rur 

To start the run, a pulse from the phototub 
associated with the Comparison Standard Watthou 


tests. 


acer 


Is 
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Ficure 3. IJntercomparison of Standard Watthour M 





s used to flash the mercury-vapor lamp and | larly those that have no good means of operating a 
s left on the phosphorescent scale of the | phototube, is to let the duration of the run be deter 
d Watthour Meter The position of this | mined by the Standard Watthour Meier This is 
ecorded on the data sheet When the preset accomplished by connecting the pulse counter to the 
of turns have been completed, the mereury output of the phototube located behind the slit in the 
imp again flashes; another Spot is left, and scale of the Standard Watthour Mete: The poten 
on is recorded together with the reading of | tial circuit of the watthour meter under test is then 
volution counte! From these readings the | closed at the beginning of the run and opened at the 
of revolutions of the Standard Watthour end by relays operated by the pulse « punter Con 
disk is computed. The average percentage | tacts on one of the relays, when energized, close the 
ition of the Comparison Standard obtained — potential circuit; while normally closed, contacts on 
several runs is taken as the most probable the other relav, when energized, open the cireuit 
The other Comparison Standard Watthou The time lags in the operation of these relavs are 
are tested in the same way carefully equalized to reduce timing errors to a 
formula used in this test for computing the necligible amount 

registration ol the Con parison Standards As th percentage registration. of the Standard 

Watthour Meter is accurately known, the peres 

K. 4 registration of the watthour meter under test 

k computed Corrections are applied for the ra 
phase-angle rrors of the current and potentia 


: . transtormers 
number of disk revolutions of thr om Tl 
i 


parison Standard Watthour Meter 
number of disk revolutions of the Standard 
Watthour Nleter 


constant ol he Standard Watthour 


procedure followed in making a test of this 
sortis pract ally dl ntieal to that follows Lint 
a Comparison Standard Watthour Meter 

The formula used im this test for computin tte 


- registration of th 
. ih watthoul per revolution 
constant of the ¢ Hparison Standare 
Watthour Meter, in watthours per rey 
olution 
wereentage 1 tration of the Standard 


Wattho 


! 


on ol | ( I} i “urs l thre 
nour wr 
pereentag re stra 
Tests of Other Watthour Meters, Using the Watthour Met \ 
Standard Watthour Meter A.=d eneens <6 the Sienanee Sasa 


Nleter, u itthours per revolution 


ng-current watthour meters that ar nominal potential transform 
National Bureau of Standards for test nominal current is 
d with the Standard Watthour Meter in number of disk revolution 
! anne The current and potential Watthour Meter 
of the Standard Watthour Meter are ener- eorrection tor. ft I 
rom the secondaries of a current transformer ratio uti : nk parts per 
potential transformer having multiple ranges unit 
mary windings of these transformers and the rrectiol for the | transtormet 
uur meter under test are excited by the a- ratio ratio factor In parts per 
supplies, as shown in figure 4 unit 
resistance of the leads that connect the poten- , correction tor th pl mse ang In parts per 
reuit of the watthour meter under test to the unit. It is equal to (8—y) tan é@ 
iry of the voltage transformer is made small 3 phase angle of the current transformer, in 
igh to render negligible the error in phase angle radians, considered positive when the 
ml by the voltage drop in the leads A volt- reversed secondaryv-current vector leads 
ammeter, and a wattmeter of good quality the primaryv-current vector 
onnected in the secondary circuit, and they en- y=phase angle of the potential transformer, 
an observer to set the secondary voltage, cur- in radians, considered positive when the 
ind power factor reversed secondarv-voltage vector leads 
\ phototube-lamp combination is arranged to pro- the primary-voltage vector 
a pulse at each revolution of the disk of the power-factor angle at the Standard Watt- 
our meter under test if this is conveniently hour Meter, considered positive when 
ble. The pulses are amplified, and, in conjune- the current vector lags the voltage 
th the pulse counter, are used to determine the vector 
on of the run A complete derivation of this equation appears in 
ilternative method of testing meters, particu- | the appendix. 
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4. Calibration and Testing Schedule 


The periodic primary calibrations of the Standard 
Watthour Meter serve to accurately ascertain its 
percentage registration. Primary calibrations per- 
formed at monthly intervals for a period of time have 
indicated a long-time stability of the reference stand- 
ard that will permit an increase in the interval be- 
tween calibrations to 6 months or longer. A graphical 
record is kept of the intercomparison tests, which are 
performed at more frequent intervals, to detect any 
appreciable drifts or erratic changes in registration of 
any one of the group relative to the others, and pos- 
sibly, to form a basis for a revision of the registration 
assigned to the Standard Watthour Meter if an ob- 
served change is not large enough to warrant a pri- 
mary calibration. When a revision of the registration 
of reference standard is warranted on the basis of 
intercomparison tests and the evidence does not indi- 
cate gross instability in any one particular meter, the 
computation of registration is performed on the 
assumption that the mean registration of all meters 
remains unchanged between calibrations. With this 
assumption, the entire group of meters is useful in 
maintaining the unit of energy, although transfer of 
the unit to a watthour meter under test is accom- 
plished through only one member of the group 


5. Precision and Accuracy Attainable 


Both systematic and random errors limit the ac- 
curacy of test results obtained with the Standard 
Watthour Meter and its associated apparatus. Sys- 
tematic errors, those which cannot be considered 
accidental, can be further classified into several types. 
First, there are the errors that have escaped the atten- 
tion of the observers. After a careful analysis of all 


possible sources of error and the comparison of the 
results of tests made by several methods, it is believed 
that unknown systematic errors of magnitudes larger 
than about 0.01 percent are highly improbable. 
Second, there are residual errors from the applica- | 
tion of imperfect corrections. 


| 


| 
| 
| 
| 
| 


a bl | 
These errors are sys- | 


100 






tematic in nature and have been minimized 
present work by carefully calibrating each p 
apparatus for which a correction must be app 
terms of the National Electrical Standards. 

are readily available. The largest svstemati: 

of this type result from the uncertainty in th: 0 
and phase-angle corrections of the current and 

tial transformers. Other residual errors of this 
such as associated with the standar el] 
potentiometer, and volt box, occur in the pi 
calibrations of the Standard Watthour Met; " 
are rather small. The history of the components ised 
in the measurements circuit is well known 
maximum net change in value of the compo 
between their periodic tests, for the last several 
is listed in table 1, 

The third type of systematic error is, in a sens 
similar to the second type, in that it arises from th, 
imperfect application of corrections, but in this 
the corrections are for the compensation of flucty 
ating errors. Such errors may vary with certain 
parameters in a definite though unknown manne: 
On the other hand, the fact that an error exists and 
that it is a function of a certain parameter may be 
known, but its effect may be negligibly small (and » 


those 


asi 


net chanae in the valu 
standardization 


TARLE 1 Observed marimum 
components 


Standard Electrodynamic Wattmeter 


necessary for the accurate 


Maxin 


| om pone nt 
change 


Standard cell 
Pote ntlometer 
Volt box 
Total 
Standard cell 


Potentiometer 
' 


Resistance standard 


rotal 


correction impractical to apply) compared with that 
of the other errors. Varying systematic errors at 
evident in the Standard Watthour Meter as well as 
the Comparison Standard Watthour Meters and, 
fact, sharply limit the accuracy of which any watt 
hour meter is capable. Reference is here mad 
the effect on the percentage registration of a watt 
hour meter of such factors as incorrect magnitude ol 
applied voltage and current, incorrect phase angi 
incorrect frequency, or the presence of harmonics 
the applied voltage or current Studies have been 
made of the effect of each of these variables on th 
meters used as standards. It has been found feasibl 
to use a good quality voltmeter, ammeter, and watt 
meter, to facilitate setting the voltage, current 
and phase angle. The power supplies are electron- 
ically regulated to maintain the initial adjustment o! 
voltage and current, and are operated and loaded 
in such a manner as to minimize harmonics. 

A third harmonic of as little as 1 percent of th 
fundamental in the current circuit of a watthou 
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may cause a registration error of several 
edths of a percent if certain phase relation- 
exist. This error arises from the existence of a 
harmonic flux in the air gap of the electromagnet 
if a purely sinusoidal voltage is applied to the 
tial coil. It is important to realize that even 
itthour meter is tested using alternating current 
wtically sine wave form it will register inac- 
ly if used in a circuit in which the wave form is 
Although it would be unfair to 
nonsinusoidal wave form to 
hour meters, which are designed for use on a 
soidal waveform, the possibility of an appre- 
error arising from this cause should not be 
looked if accurate measurements are desired. 
Odd harmonies which are present in the wave form 
of the current and voltage supplied to the Standard 
Watthour Meter and apparatus at the 
of this writing are, under most load conditions, 
derably than 1 percent, much less than 

llv found in commercial power sources. 
During calibrations of the Standard Watthour 
\feter, average frequency of the applied power during 
in is measured and a correction applied for any 
ation from 60 c/s. In most other tests a meas- 
ment of average frequency, and a correction for 
ors therein, is not conveniently possible, and this 
probably contributes the greatest share of systematic 
errors that vary in a definite, but unknown, manner 
However, it has been determined that errors arising 
from customarily observed deviations in frequeney 
ire of the order of a few thousandths of a percent. 
rhe effect of temperature changes on the watthour 
standards is reduced to a small value by 
eping all meters in’ temperature-controlled  en- 
The standards are not removed from the 
in which they are calibrated. Throughout 
ll tests the Standard Watthour Meter is operated 
mtinuously, thus eliminating 

ited with starting and stopping the disk. 
Since the scale of the Standard Watthour Meter is 
marked with 1,000 small divisions, any small varia- 
ons in the angular speed of the disk which would be 
indetectable in other meters may very likely be 
asily discernible. To determine the nature and the 
agnitude of errors due to angular speed variations, 


nusoidal 
te errors due to 


associated 


less 


hPsures 


position 


those errors asso- 


the standard was centered as accurately as feasible 
n its scale and carefully levelled lt was operated 
ta reduced speed, and seconds pulses were used to 
flash the mercury vapor lamp once every second 
The applied power was held constant at a value suffi- 
clent to cause successive spots from the mercury- 
vapor lamp to appear on the phosphorescent scale at 
four points as the disk Seale readings 
orresponding to spot positions indicated a regular 

arly sinusoidal) variation of disk speed during 
ch revolution. The variations were such as to 
iuse & Maximum shift in scale reading of about 0.005 
revolution. A method was devised for aligning the 
vatthour meter in its scale to reduce this error to less 
than 0.001 revolution, thereby partially compen- 
. ng for the angular speed Variations, An error of 


revolved 


1 revolution would cause a scale reading error of 
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only 0.001 percent if the watthour meter is operated 
for 100 revolutions, as is usually done 

Some of the residual errors thus far discussed will 
be positive, others will be negative, and the magni- 
tude of many of these systematic errors will appear to 
Vary ina random manner as more and more tests are 
performed. To this must be added the truly random 
errors, the distribution of which is entirely by chance, 
and to which the theory of errors may be applied. 
The values listed in table 2 include an estimate of the 
standard deviation of random based upon 
numerous test data, and half the maximum syste- 
matic error that itis believed may possibly be present 
in any one measurement of energy. It is recognized 
that the errors listed do not represent truly random 
variations, vet their individual contribution (some 
being positive and some negative) to the final result 
partakes of randomness and probably justifies the 
computation of the total propagated error from the 
square root of the sum of the squares of the com- 
ponent errors. There is one exception. The error 
in the standard cell and the error in balancing the 
potentiometer against the electromotive force of the 
standard cell occur twice in a single measurement of 
d-c power; hence, these component errors are not 
independent, and the propagation of these errors is 
by simple addition. The potentiometer error also 
occurs twice, but these are independent, since differ- 
ent resistance sections of the potentiometer are used 
for the measurement of voltage and current. The 
total propagated error provides an estimate of ex- 
pected accuracy with which the applied energy is 
known, when the Standard Watthour Meter and its 
associated apparatus is used to test other meters, It 
is not to be inferred that the other meters are capable 
of calibration or maintaining their calibration to the 
degree of accuracy indicated at the bottom of the table. 

A test was made to determine the repeatability of 
results in the comparison testing of the Comparison 
Standard Watthour Meters against the Standard 
Watthour Meter. Individual runs of about 100 
seconds duration were made about 10 minutes apart 
until a group of 10 runs had been made. This was 
repeated the next dav, and again 4 days later The 
relative percentage registrations of the two Compari 
Standards are shown in table 3 The values 
listed are the means of the groups of 10 runs, and the 
measure of precision is the standard deviation of a 
single run of the group 

The precision indices listed in table 3 result from 
a combination of random errors inherent to (1) the 
Comparison Standard Watthour Meter being tested, 
and (2) the Standard Watthour Meter, including ob- 
servational errors in reading its scale. If it is as- 
sumed that each meter contributes equally to the 
total error, but that the contributions are random, 
then an index of precision for each meter may be 
computed. If the total error is considered as 0.012 
percent, the individual errors which produce this 
error are each 0.012/y2=—0.008 percent. From these 
data it is estimated that the precision of each of the 
watthour meters in the setup over a period of a few 
hours is about 0.008 percent 


errors 


son 


ta 
Comparison 


hour Meter No 


Comparison 


hour 





rd Watthour Meter 
Standard 

1 
Standard 


Meter No 


Watt 
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+! 


! periods ot til mh were 
the test deseribed, it might be expected that tl 
time stab tv of the meters sho ld not be as 


that for short intervals because of varving s 


atic errors. On the other hand, the use of 
plicit of meters improves the over-all pre 
\ measurement of the precision with which the 
is mamtained is obtained from the records of 
bration and intercomparison tests Figure 


example, shows the test results over a period of 
eral months The pots connes ted by straight 
represent the results of iIntercomparisons, and 
based on an assumed constant mean registration 
all three meters. The validity of this assumption 
proved by the proximity of the intercomparison t 
results to the isolated points representing cal 
tions of the Standard Watthour Meter by the wat 
meter method The standard deviation for each o! 
the meters (assuming all deviations are normal! 
distributed and random) computed from the dat 
shown in figure 5 is given in table 4. From data suc! 
as these it is estimated that the unit of the wattho 
can be maintained over a period of several months 


} 


with precision represented by a standard deviatior 
of 0.012 percent or better. Many tests that hay 
been run in rapid succession, a few minutes apart 
indicate drifts in registration in one direction for 
period, then a reversal or rapid change of some sort 
Such drifts or changes have been very small (few 
thousandths of a percent). However, an abnorma 
distribution of this sort reveals the presence of thos: 


102 









Ho 


Ro 

















systematic errors, discussed previously, 
depend upon other parameters. A compari- 
tables 3 and 4 shows that the stability oOvel 
months is very nearly the same magnitude 
t over a period of an hour or two. This implies 
ny varving systematic errors that may eXist 
apidly and in such a manner that their effect 
number of observations of per- 
registration taken several hours more 
s negligibly small. Accordingly, when eali- 
ms of the Standard Watthour Meter are per 
d. the individual runs are taken at time inter- 
sufficient to extend the duration of the test to 
al hours 
hen the apparatus is used for testing other watt- 
meters it is believed that the measurement of 
nergy applied to the test watthour meter is 







mean of a 


or 


and can be relied upon to better than 0.06 
nt 
6. Conclusion 
(it the National Bureau of Standards a set of sev- 


arefully selected and prepared watthour meters 
been arranged as a standard group for testing 
nating-current watthour meters by a comparison 





it thod 
Although the initial cost of designing, constructing, 
issembling this apparatus would ordinarily deter 
general adoption of such an elaborate system of 
ting watthour meters, the use of the apparatus 
cribed has vielded a definite saving in time and 
wor, Without significant loss of accuracy when com- 
ed with the primary method used in the past 
\ecurate initial calibration of the apparatus is 
omplished by averaging the results of a number 
primary calibrations of the Standard Watthour 
Meter, using (1) a transfer wattmeter and potenti- 
eter for measurements in terms of the fundamental 
ctrical units of electromotive force and resistance, 
nd (2) standard seconds signals for time measure 
Assurance of the continued accuracy of the 
vatthour meter is obtained by 


nents 


eference standard 


ntercomparison tests with other members of the 
standard group. The reference standard, supple- 
al mented by ealibrated instrument transformers, 


n accurately measures the energy supplied to a watt- 








7. Appendix 


The derivations of eq (1), (2), and 


most easily from the definition of percentage regis 
tration, which is the ratio of the indicated energy as 
obtained from the reading of the watthour meter 
the true energy, expressed in percent 


(3 proceed 


Lo 


Indicated energy 
A 100 ~v H 
True energy 

Ina test of the Standard Watthour Meter, using the 
Standard Wattmeter, the indicated energy in watt 
hours is An. The true energy is determined by the 
readings and of the Standard Wattmete 
Because this instrument is very nearly astatic, its 
SCTISELIN ity, 8, will be the sume for both directions of 
the direct current deflection ts 


settings 


and the average 


DD el 5 
where W,, is the true power impressed on the Stand 
ard Wattmeter The true power in terms of the 
potentiometer settings and circuit constants is 

E Nak 
Ww > + ( 0) 
I 

where ¢ represents the correction terms for the circuit 
components The average a-c ae flection of the 

Standard Wattmeter is 
in) vie] cos(é ea 7 
where / is the a-c voltage between the Standard 


Wattmeter potential terminals causing a potential 
coil current, / It is the magnetic field 
from this current that reacts with the magnetic field 
from the current, 7, in the fixed coils of the Standard 
Wattmeter to produce the deflection, 7), 

The wattmeter SeNSILTIVILY, 8 will be the same on 
alternating current as on direct current provided all 


see figure 6 


readings are grouped closely) on the Standard 
Wattmeter’s scale 
Dividing (5) by (7 
D, si . 
D si] cos (04-7 
Solving for // 
iD 
Ri-W D,. cos 047.) ) 


The a-c power impressed on the Standard Watt 


_- Ie] cos 6 10 
and substituting for /:7 from eq (9 
, ’ D,, cos 6 

Wa Wee ees @ET, 11) 

‘The symbols not specifically defined in the appendix have been previous! 


mM Is hour meter under test 

t 

| a = 

att 

¥ J. B. Dempsey initiated the early work in setting 
all ip selected watthour meters for secondary standards 
lata KF. B. Silsbee proposed the light-beam pointer and 
sucl phosphorescent scale F. J. Gross carried out the 
ome developmental work and the original design of the 
nths comparison apparatus. Most of the mechanical con- | hour Meter is 
tiol struction of this apparatus was done by C. H. 
ave Hochgesang of the Bureau’s Instrument Shop 
vart Robert W. Baleom assembled most of the electronic 
or a equipment and provided many valuable suggestions. 
ant Thomas W. Cushing carried the project forward for 
few time and designed and super ised the construction 
mal the constant-temperature cabinet for the com- 
ve ison standards 
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defined in the text 
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Vector elationship al the Standard 
Standard 


Wattmeter 
Watthou 


hiaurne 6 
fe minal du ing a 


Veter 


wale is Intended and the angles ind 


calibration of the 


This can be rearranged in the form 


»hast. Ae oes? 
W, Wel 14 Dp Jf. 047 
Db ), 
iT} Wi [4 D, | 
sin @sin 7 


cos cos § COs T 
I ' cos 6 cos 7 sin @sin 7 
, iD DD 
W..=W, 1+ ] 
COs y 


cos 6] 
1+ ; 
cos 6 cos 7 


and since 7, is a verv small angle (116 microradians 
at 60 c/s), sin 7, very nearly equals 7), in radians 
and cos 7, is very nearly 1; therefore, the equation 
can be simplified by neglecting the extremely small 


terms 
W.=W, [ aa al | 7’, tan 6) 


and since the second terms in both pairs of brackets 
are much smaller than 1, the equation may be 
further simplified by multiplying and then neglecting 
the smaller second-order terms 


Woe Wa 147) eT, tan 0] 


When W,, from eq (6) is substituted and the result 
is multiplied by ¢/3600 to obtain energy in watthours, 
the true energy thus obtained may be used in eq (4), 
and the results, showing all corrections as correction 
terms, is eq (1) shown in section 3 

The derivation of eq (2), which is used in inter- 
comparison follows logically from eq (4) 
The indicated kK, n, Hence the 


7 


} sin @sin 7 
sin @sin 7’ 


















(1:3) 


(14) 


tests, 


energy equals 






cos yi ) 
cos (6-+-T,) 
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percentage registration of the Comparison Ss; 


Watthour Meter is 





K Ns 
$= 100 wan 
rrue energy 


and that of the Standard Watthour Meter j 


Kn, 
Res = : . 
rrue energy 
Since, in this test, the true energy is identi: 
both watthour meters, eq (15) and (16 
combined to yield eq (2), as shown in section 
In the derivation of eq (3) the following addi: 
symbols will be used 
# power factor angle at the test wat 
meter, considered positive wher 
current vector lags the voltage ve 
It is equal to 0,4+-B—%7 
I, primary voltage applied to th: 
watthour meter 
/, primary current 
watthour meter. 
I, secondary voltage applied to the Standar 
Watthour meter 
/,~- secondary current applied to the Standard 
Watthour meter 
‘time of run, in seconds 


} 
cn TT 


applied to the est 


Voeetrue — potential transformer — ratio 
os b TCs 
V’.. = true current transformer ratio 
N.(i+e 
The indicated energy of the watthour meter wnd 
test is Ayn, The true energy that should by 


measured by the test watthour meter is /,/7,¢ cos é 
or, if /, and J, are expressed in terms of secondary 
voltage and secondary current, the true 
ley, N,,1,Nit cos 6. Substituting these factors in eq 
1), the percentage registration of the test watthou 
meter is 
#, 100 Kin, . 
EN, 1 Nat cos 6 
Now consider the energy measured by the Standard 
Watthour Meter. Since the percentage registration 
of the Standard Watthour Meter is known, and th 
indicated energy is Ayn,, then the true energy 
measured by the Standard Watthour Meter is 


100 Ayn, 


Ie, 1,t cos 0, IS 
Ks 
or 
] #. cos 8, 19 
ky 1t WOK, 
and substituting eq (19) in eq (17) 
Kn, Kh. cos 6, " 


A= pe x - 
’ A,N,,N nm, cos é 
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fis a correction factor for 


eGUallon COs @, COs 
current and voltage trans 


anyles of the 
‘To simplify this correction the denomina 


tim 


be expanded 
cos 


cos @, cos (By sin @, sin (pg 


ne both numerator and denominator by cos 


orrection factor becomes 


sin (p yitan?é 


cos (pf very 


nearly (8 


angle 
very 


3—¥) is a small 
land sin (b-¥ henes 


wreetion factor ts 


re yitané 


the indicated division os 


the extremely 


and when 
neglecting 


the result 1 


stall second-order 


re Yi tané 


Thus the correction term for the phase ang 
when 


tan @., ane 
transformet 


unit is ey g—%F 
the current 


parts per 
for 
ratio 


term 
transformer 


correction 
potential 
shown, the final form of eq 


part o.5 


1) is that of eq 


meNGTON, Mareh 5, 1054, 
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Mass Spectra of the Deuteroethylenes 


Vernon H. Dibeler, Fred L. Mohler, and M. de Hemptinne 


Sanmiple tf all of the deuteroethvlens 


snd ma pectra have been measured and 


pectra «of and ay dideuteroethvlene 
iwsvInmetrical dideuteroethvilene i imilar to 
24 to 30 The probability of removing at 
he probab CH, equal to the a pr 
rrpcole ‘ contaming | 2 md 3D atom 
ttom is 0.00 (1D, and nearly equal to 
rnd (O90 th mole es CLHD,, COLD. a 
O00 are then r proce these ratios can by 
110 Phe il ti tf removing 2. 3 
il ol re e atom tnd ne 
s ir rela ur | he pre 


1. Introduction 


‘ i the mas pecetra ol hvdrocarbon mol 
niaininye one or mot leuterum atoms have 
tin the ease of paratlin 1 to 5 and mip: 
1 Tppeapleratile A) é thr relative probabil 
ochitin hvdrogemie atoms from the 
ed molecule relative to the ordinarv mols 
not predictable from a priori possibility 
Ina molecule contamimg both protium and 
m, the probability of removing Hl atoms | 
and that of removing D atoms ts decreased 
mred with removing HL from the ordinary 
ina Schis ! Thompson, and ‘Turkevich 
ihe this bv using two parameters, a and b 
! ive tine reimbuive probabi ities Of removi 
1D) from the deuterated compound as compared 
emoving HL from the ordinary compound 
nfortunately these parameters are different for 
ent compounds and also for the same chemica 
pound contamimg different numbers of D atoms 
he present time there is no general theoretical 
0 predicting the spectra of deuterated com 
ls, and the complexity of the problem increases 
vy with the number of carbon and hydrogen 
n the molecule For this reason, the avail 
iv ol sampl ss of all th possible deuterated 
enes afforded an exceptional opportunity to 
lv the mass spectra of these compounds. ‘The 


ire useful not only for analytical applications 
ilso to supply additional information the 
on between dissociation probabilities Iso 


on 
and 
tructure 


2. Experimental Details 


with a Consolidated 
The electron energy 
with an anode current of 10.5 
The temperature of the ion source was main 


were obtained 
) Thaiss spectrometer 


nominally 70 v, 


dat 250° ¢ Che energy filter at the collector 
{f Louvain, Belgium 
rackets indicate the literature references at the end of this paper 





ave become availatle atistactaor purit 
corrected for Otopn mipuritve The ma 
ire hearly identica mrad the pectrium of hie 
the svmmetrical mole le n the ma rang 
Hl atom from the deuter tI one elative 
ort propatility tree 1.10 1 i | 110 
ania ‘ «lative | tonal it ! en i ‘ l) 
the @& priort probability Tit Oooo ooo 
1 CHAD, respective As the factors 1.10 and 
eexpressed as positive and tegative power yt 

ia " ire power r proc ! e prob 
ire oa positive and nega ‘ wer i 10 

! od data I eron ‘ 


Prom 
Other 


end wa rounded to permit ions re 


metustable transitions to reach the collector 


procedures for introducing the samples and obtamiie 
the pectra were onventional 

Tha ethyl he Woes Phi lip it wihk h Cirnde with: 
Minti party of Wee mole percent a tuted by 
the manufaetures 

The leuteroethvlens CHAD, CLD, and CLD, 
were prepared by the same general methods ad 
eribed briefly by de Hemptinne, Jungers, and Del 
lossc S} and in greater detail by de Th reapocirarne 4} 


‘ the photochemienal!l addition of hvdroven bromide 


hi 


to aneetviene and vinvl bromiuc renetions are 
briefly summarized as 
114 Cli. Hirth Chi is 
1 C1). HBr TEE CD) Es Lite 
1 (1). Dr + D Cp) be 
Hore CHE) Er 11.4 Cub 
H Dire C1) ir Z 1114 (‘> 
1). Br C'D). ie 1d. (‘DD 
Brvee L. Crawford. Jr. of the University. of 


Niinne 


cdideuteroethvlene 


| 
roethwvl The 


ota very kindly provided ” it nple ol 


The ldra >-«licdeute 


and l.ecis-2-dideuteroethvlene were part of several 
sample 10} analyzed for B.S. Rabmoviteh of the 
University of Washington 

As the mintnum energy required to form thre 
CH ion im ethvlene is 3.3 ev grenter than that 
required to ionize the molecule [11], the tsotopr 


was determined by 
manner similar to 
Wagner 12] 
deuteroethvlene 


roethvlenes 
electrons ina 


purity of the deut 
using low-energy 
that deseribed by Stevenson and 
deuteroparaffins for 
impurities were made by using suce 
patterns. Traces of ethanes were 
some of the samples, but these did not interfere in 
the low-voltage measure nents. Corrections for the 
contributions of ethanes were 
patterns computed on a statistical basis, neglecting 
the a and & factors defined above The measured 
purity of the deuteroethvlenes was as 
| Cae I) SS percent; 


for 
Corrections 
ssively corrected 
observed itt 


nade on the basis of 


isotopic 
follows 
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& H 1) Qh percent ] 

















1 trans-2-( “HLD,, 97 percent 1 .cis-2 CH D., 4 


percent; C,HD,, 87 percent, C,D,, 94 percent 
3. Results 


The principal ions in the mass spectra of ethylene 
and five deuteroethylenes are given in table 1 The 
relative abundances are tabulated in the conventional 
manner after correcting for the contributions of tons 
containing C™ in natural abundance. The spectrum 
of the 1,cis-2-dideuteroethylene is very similar to 


that of the frans isomer and accordingly is omitted 


from the table. Also omitted are ions with non- 
integral values of m/¢ These “metastable transi- 
tron peaks observed in all of the ethylenes, result 
from a delay of the order of miscroseconds w= the 
dissociation of two hvydrogenic atoms from the 
molecule hon The abundances relative to the 
molecule ion are about O.1 percent or less, and in 


general increase somewhat with increased deuterium 
substitution 
The total ion abundances of the hydrogen group, 


Slits the C, group, 24, and the C yroup, 2ic,, are 
viven for each molecule at the bottom of the 
appropriate column. The measured sensitivity (ion 


current per unit of pressure) of the molecule ion was 
the same for all of the ethyvlenes within the estimated 


error i pressure measurement (about 20% 
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3.1. C,-Group Ions 


Two different fragments containing H and D atoms 
contribute to some of the mass peaks in the C, 
group of the monodeutero- and the dideuteroethy- 


enes. In order to determine the relative probabili- 


ties of dissociating two or more protium atoms and 
one or more deuterium atoms from these molecules, 
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be 


made 


some assumption must concern 
relative amounts of the contributing jo: 
assumption need be made in the spectrum of ¢ 


as each of the ion peaks has only 

figuration 
In the computation of the deuteromethane 

the authors assumed that the probability of re 

one atom, either Hor D, from the deutero com] 

was equal to the probability of removing H 

CH,, and similarly for removing 2, 3. or 4 

This cannot be rigorously true for the ethylens. fo, 

in table 1 that DS7f. 

with increasing deuterium substitution It 

reasonable to assume that each of the terms in 

This is see 


me possil 


it is seen decreases re 


in this sum decreases regularly 
the case for the loss of four atoms to rive ( hy 
ratio of relative intensities of CY of CLHQD to (© o) 
C.H, is 0.898; the ratio of C of CLH.Ds (mean of +) 

values of columns 4 and 5 of table 1) to CY of ¢ I] 


is O.S07; the ratio for CLHD, is 0.725. and for ¢ 1) 
is O.658. These four ratios are almost oe 
equal to O.898, (0.898) (0.898) and (0.808 
ranue 2 C'orrection factors necessary to calculate the 
mono lopre peetra of the leuteroethylene from 
ethulene 
Cn CHD Cb CHD 











H and 1) ater 





The first row of table 2 gives these computed ratios 
and in parentheses in the second row are the observe: 
ratios. The relative probability of losing 3 atoms 
from C.D, as compared with C,H, is observed to by 
0.770, and it isassumed that the ratio will be (0.770 
(0.7704, and (0.770)"* in molecules containing 1,2 
$ Datoms. Similarly, from the ratio of the C,D 
values to the C,H, values one can compute ratios fo 
the loss of 2 and | hydrogenic atoms. These data 
are presented in table 2. In CHD, the values for 
these ratios are observed experimentally and are 1 
satisfactory agreement with the computed values 
In C,D,H and C,H,D, the computed ratios will b 


nik 


used as correction terms to derive from the C,H 
spectrum what might be called the “modified 
monoisotopic spectra.”’ 

The calculations for the individual dissociation 


probabilities in the C,H,D spectrum are illustrated 
in table 3. In column 2 the abundance of Cy and 
C.H* are the observed values from table 1. It is 
assumed that (C,H*+(C,D*] is equal to the C1 
abundance of C,H, multiplied by the correction term 
from table 2, namely, 13.50.9387 —12.65. This 
value minus the observed abundance of C,H* from 
column 2 (7.65) gives the abundance of C,D* as 5.00 
This value subtacted from the 26 peak of C,1,D 




















table 1), gives the abundance of CLH, as 26.0 
veting this from the corrected abundance of 
of CoH,, namely, 67.5 0.986 — 66.5, gives 40.5 
abundance of C.HD Continuing in this 
ra final value of 55.9 ts calculated for CLH.D 






npared with the observed value of 55.6. This 
nent is entirely satisfactory 
a ins 3 and 4 of table 3 give the a priori 


bilities and the “a priori abundances” of ions 

C.H,D spectrum calculated from the C,H, 

ol im. These values are quite different from the 

ved abundances in column 2, and the ratios of 

sues in column 2 to the values in column 4 give 
veighting factors’? of column 5 
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Weihting factors for the other deuteroethvlenes 

« been computed in the same manner and are 
marized in table 4 As the observed abundances 

or the C group of ions of 1, 1-dideuteroethvlene and 
und trans 1,2-lideuteroethvlene are nearly the 
«, the mean values of the abundances have been 
to compute the weighting factors for the C,1H,D 
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The last two observed weighting factors 
in each column correspond, respectively, to the 6 
and @ factors as defined by Schissler, Thompson, 
and Turkevich [5]. This notation has been 
with subseripts | to 4 referring to the number of 
deuterium atoms in the molecule. As the factors a 
and 6 give the respective probabilities of removing 
one Hor one D atom from the deuterium substituted 
molecule relative to the probability of removing H 
from CLH,, it has been commonly assumed that the 
probability of removing two or more hydrogenic 
atoms will invelve the appropriate powers and prod 
ucts of the a@ and #6 factors These powers and 
products of @’s and 6's are ineluded in table 4 
There is in’ most approximate agreement 
between computed and observed values lt should 
be noted that experimental errors are magnified in 
the product terms 

It is seen from table 4 that there is a very regular 
sequence in the values a,, do, dy, and 6, to by of the 
fol owing type: a aa @;. h i. h, b*, h, ht 
Values a,— 1.10 and 6, 0.90 give the best fit to the 
observed values of a@,, Ge, da, h . b,. and h, As hy Is 
nearly equal to the reciprocal of a,, it is evident that 
positive and negative single constant 
can represent all seven a’s and 6's, and by the rela- 
tions shown in table 4 can represent all 26 weighting 
factors. Table 5 is similar to table 4 but with 
powers of a single constant A 1.10 in place of a’s 
and 4's. The agreement between ana 
computed values is actually better than that found 
in table 4 based on seven observed weighting factors 
It is to be noted that this reciprocal relationship 
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used 


CHSesS 


powers of a 


observed 


between a and 6 factors results in the regular sequence 
that is observed in the intensity of Cy as deuterium 
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molecule This 
compute the 


the supports 


used to 


atoms are added to 
the assumptions 
factors in table 2 

These relations can be expressed in terms of 
equation containing only arbitrary constant 
Che relative probability, ? of removing / H atoms 
and m D atoms from an ethylene molecule contaiming 

1) atoms and (4—n) H ns compared with 
the probability of removing Hl from C,H, ts 


R A A 


is the 


correction 
ore 
orn 


HLOTIS 


# prior’ probability 


where 1 


3.2. Ions in the Mass Range | to 18 








Thee hare abundant wns mn the moe rane Iv to lS 
are C', CHE, and CH or tons with one or two D 
atoms mstead of HE atoms There are po sgniheant 
differences im thre spectra ol ¢ nna fra | 2-C I 1) 
The larger peaks ime thre spectra of 1,1 C.1HLD. and 


1.2-C. HD. differ in a manner that ts consistent with 
their structure In the former compound, CHL? and 
(CD re lorwe yond in the latter, CHD s thy largest 
pork However, a small peek at mass 15 in the spe 
trum of 1,1-CyH.De must be in les pert CHD 
CHL) vecounts for only a small fraetion of the 
observed iptensits The peak at mass 16 im the 
spectrum of 1,2-C)HLDe is not necessarily CD for 
neo o1on Cll 1) is vlso o be oN pra i! lon ptlion 
DrOCceSsSses involving rearrevngemet ‘ rioms com 
plieate the interpretation of the spectra im this mess 
rere ena equanti tive determination of wel htine 
fyctors will not be attemptes 

The follow ions copteimin thre | vdrovenn 
toms cnn be rdentified in peetra ol bole | ( I] ol 
C.H,, CHD’ of CLH,D, and CHD from the 
C.H.D. molecules and from C.EHD Other possible 
ions of this class are masked by other sOmmeriIC LODS 
\ small H.O background may mesk CD ions of 
C.HD, and C.D, 


charged ions of balf-integer mass number 


of CLH,, CHD 


Doubly 
can be identified as follows: CLH 


of CHD, CHD and C.HD of CLH.Ds, and 
(HD CHD apd CLHD of CL.HD This 
indicates that doubly charged ions contaming 2) 3 


and 4 hvadrowe nic atoms are pre sent mall the Sper tra, 
the masked by 
singly charged tons 

It is apparent from table | that the relative abun 
dance of the C of D 
the molecule increases, in to the 
variation of C,* ions with increasing deuterium con 
tent If en average value of 3.45 is taken for the 
Ct jons of the CLH.Ds molecules, then the abundance 
of C* from the deuterated molecules is (1.043)7 times 
the abundance of Ct from CLH, where + is the number 
of D atoms in the molecule 

The sum of the hydrogenic ions decreases progres- 
sively from C,H, to C.D, as the number of D atoms 
increases, but this decrease is not accurately repre- 
Weighting factors com- 


with ions of even molecular weight 


ions increases as the number 


ntoms mn contrast 


sented by & power sequence 


puted for H* ions (observed abundances divided by 
H* of C,H, times the a priori probability of removing 
H atoms) are 1.15, 1.13, and 1.25 for C,H,D, C,H.D, 
(mean value), and CLHD,, respectively 


Weighting 
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factors for D* are 0.49 for CLHD, and 0.56 fo; 


H.* makes a contribution to the mass 2 pe 
C.H,D and CLH.De, and this cannot be ace 
evaluated The weighting factor for produ ) 


is somewhat less than 0.50 for CLH.D. and pre 
less than 0.5 for C(.H.D 
regular trend in weighting factors such as is fou 
the (' 


The data do not sho 


group ol hOns 

It is of interest that the ion HD* has abo 
relative abundance iw the different ( ) 
molecules That is, the abundance is. the 
whether or not the two deuterium atoms are <¢ 


saithe cal bor ntom 






4. Discussion 


Delfosse and Hipple |] have pre viously pul 
the mass spectrum of a eis mixture o 
CHLD The relative intensities of the C\HLD 
(" Hl, Spent tra reported by them nre entirely con 
with the 

An interesting 
experimental results is that in the C 
Is ho appreciabli difference between the mass sp 
of 1,1-C.H,D frans 1,2-C.H.D 
weighting factors ther 
two PD 


frans 


results obtamed in this research 


and unexpected feature of 


Hass rane 


and cows and 


remain the same whether 


ntom on one carbon atom or one or 


carbon atom Appearance potential measuret 


11] indicate that production ef CLH from C\H 
involves the production of H, rather than ator 
hydrogen, and HL, is also formed when 3 or 4 Ha 


are removed, The present results suggest that 
hvdrogent molecule is formed with equal probal 
whether the same carbon ato 


This cannot be « yplained bw the assumpt 


two atoms are on the 
or not 


ol compl te mixing of | and L) atoms in the jor 


tion process, for the fragment tons in the C, ra 
reflect the molec ular structures The re is son 
arrangement of hydrogenic atoms, but it) ts 
tively unimportant 

The progressive increase in Ct and 


increasing number of D) atoms in the moleeul 
marked contrast to the decrease of C and > 

This interesti 
Stevenso 


the number of D atoms increases 
difference is not entirely 


and Wagner [4] discuss in a general way the theoret 


unexpected ais 


eal 
on the probability of dissociation 

The analysis of the data in the C 
deuteroethylenes as given in tables 4 and 5 shows 
very striking relationship between the “weighting 
factors” for removal of H and D and the number of D 
atoms in the molecule. The powers of a singh 
constant assigned according to a definite system 01 
pattern account for all 26 weighting factors, at least 
to a fairly good approximation. <A relationship o! 
this kind might be expected in other deuterated 
hydrocarbons. The only clear case of such a relation 
ship among the molecules already studied is acetylen 

A previous publication [7] gives the mass spectra ol 
C,H,, C,HD, and C,D,, and from these data the 
weighting factors given in table 6 for dissociation ol 
H and D have been computed as in table 3 for th 


basis for two opposing effects of heavy isotopes 


range of th 


















The table shows that powers of a single 
t A= 1.13 represent quite accurately the five 
y The weighting factors for disse 
) of H, D, HD, and D, from the acetyvlenes 

( yand C.D. are related in the same Way as they 





ng factors 


thre ethvlenes + HH 1) and © 1), except that 
nstant is 1.13 in the acetvlenes and 1.10 in 
vlenes 
\) " , eightir ae mi pare } 
A 
iH ( 
‘ A SS A s 
i h ' 
‘ s A ‘ s K NA 
. sslet Thompson nha Turke vich 5 have 


that there isa roughly linn nt relation bye tween 
rhting factors for removing H and D from the 
the number of D atoms in the mole 


values for the a 


ines and 


They report factor as 1.25 


iS and 1.80 m molecules contaming 1, 2. and 3 D 
These a factors can be quite accurately 
ented as 1.22 1.22 1.49. and (1.22 LS] 


ponding to the relation found im the ethvlenes 
llowevet not related to 
other and to the a factors as they are in the 
enes It is to be noted that 
s} and of Schissler et al 115} on the 


the 4 factors appar ntly are 


the researches of 


f the authors 











and in 
the opinion of the authors the isotopic purity and 


deuteromethanes are not in good agreement 
the IsotopL analyses leave much to be desired in both 
The deuteromethane 
further research when compounds of better isotopic 
purity Obviously 


researches spectra deserve 


become available the computa 
tion of weighting factors depends rather critically 
on the purity of the 


IsolopL HWiass spectra 
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Spectral Distribution of Energy From the Sun 


Ralph Stair, Russell G. Johnston, and Thomas C. Bagg 


Measurements on the spectral energy distribution of direct solar radiation 
Mexico 
wavelengths extending from 299 to 535 millimicrons for air masses 0 
A determination of atmospheric transmittance as a function of wavelength 


July 1953, at Sacramento Peak, New 
data are given for 
1.0, 2.0, and 3.0 


made in 


altitude 9,200 feet are deseribed Spectral 


results in calculated total amounts of ozone approximating 0.21 centimeter (ntp) as a mean 


for 4 days during July 


Preliminary measurements, employing a lead sulfide photoconduet 
ing cell, in the visible and infrared spectrum are discussed 


On the basis of the spectral 


ultraviolet data obtained, an estimate of a value slightly exceeding 2.00 langlevs per minute 


for the solar constant is indicated 


1. Introduction 


\feasurements on the spectral distribution of the 
iviolet radiant energy from the sun obtained at 
Climax, Colo. in September 1951 [1]! indicated appre- 
ible higher intensities outside the earth’s atmos- 
phere than had been reported previously. This was 
ot only of some concern to the authors but also of 
nterest to others. Data on the transmittance of 
radiant energy through the atmosphere—to which the 
methods and results of the measurement of solar 
energy contribute—are important to the work of the 


\ir Foree Cambridge Research Center”? It has a 
bearing on a more precise evaluation of the solar con- 
tant. This common interest resulted in plans to 
repeat. the measurements under conditions that 
should be more favorable. Through the courtesy of 
John W. Evans, director, the Sacramento Peak Ob- 


' servatorv was made available for this work during 
late June and early July of the summer of 1953 
Sacramento Peak is located on the east edge of the 
New Mexico-White Sands desert area. This station 
was established by Harvard University after an ex- 
ensive survey had shown it to be one of the more 
promising locations in the southwest for use in the 
study of solar radiation. It is located at an altitude 
of 9,200 feet within a forest of Ponderosa pine and 
Douglas fir on a relatively level area of possibly 100 
Because this location is not the highest within 
the region, some of the summer thunderstorms and 
associated cloudiness miss the observ ing station 


2. Instruments and Procedure 


lhe instrumental arrangement for this work was 
similar to that employed at Climax [1]. However, 
not only was no single piece of equipment employed 
it Climax taken to Sacramento Peak, except for the 
type 935 phototube, but also even a new standard of 
spectral radiant energy independently calibrated was 
employed in the calibrations of the equipment. 
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The spectrometer employed was a double prism 
mirror instrument manufactured by Carl Leiss of 
Berlin, Germany. This instrument two 30° 
quartz prisms, through each of which the radiant 
energy makes a double pass. The collimating mirrors 
are of simple spherical design coated with aluminum, 
The slits are each manually adjustable. All three 
slits are straight, but being only 7 mm in length, little 
error is introduced thereby. Each slit was set ata 
width of 0.30 mm throughout the course of the inves- 
tigation. Changes in wavelength were accomplished 
through the use of asynchronous-motor drive attached 
to the wavelength drum. This unit permits record- 
ing at any one of three speeds, forward or reverse. 
A built-in clutch allows quick resetting of the wave 
length drum, so that any part of the spectrum may 
be repeated at will. As the calibrating factors are 
slightly different for the two directions of operation, 
all measurements were made with increasing wave- 
length. Cams are provided to stop the instrument 
automatically at either end of the wavelength range 
and to provide, by means of an auxiliary pen, wave- 
length marks at suitable positions (specific wave- 
lengths through the spectrum) on the recorder chart, 

The light beam was modulated at 510 ¢/s and the 
output of the phototube fed into a tuned amplifier 
of design similar to that previously employed [1, 2, 3]. 
A strip recorder was again used to plot automatically 
the spectral data 

A new heliostat, designed with mirrors larger than 
those in the Climax instrument, was employed in 
this work. It is of simple design, and arranged so 
that an aluminized primary plane mirror reflects the 
beam of light along the polar axis of the instrument. 
Micrometer adjustments permit accurate settings 
for declination, latitude, and for them corrections, 
A second mirror set in a stationary position reflects 
the light beam horizontally into the spectroradio- 
meter. Thus each of the mirrors operated at fixed 
angles relative to the light beam during all hours of 
the day, so that corrections for light polarization 
could be easily made 

The entire equipment, except for the heliostat, 
was set up in the “Large Dome” building just inside 


Uses 











one of the south windows and arranged so that the 
entrance shit of the spectroradiometer faced toward 
the The solar leht reflected 
through this window onto the axis of the spectro 


south beam wa 


radhometer Referens e marks on the « ening pro ided 
a guide in making adjustments of the heliostat and 
auxiliary reflecting the declination 
slowly | the eourse 


mirror as solar 


changed from dav to dav during 
of the measurements 

The construction of the Large Dome building was 
such that the temperature variations within it were 
small during the the day Most of the 
time the temperature was between 65 70° F 
and usually the daily rise in temperature was not 
more than 5° F 


course of 


ana 


with 
lens at 


In nee ordan c 
work | | 


the pron edure ou 
mirrotl 


previous 
no was employed to 
produce an unage of the sun on the entrance slit of 


an imtevrated solar 


his 


the spectroradiometer because 
was desired 
possible the large amount of 
available It is furthermore desirable 
the simplicity of the reduction of the data through 
readings on the sun directly 


energy spectrum procedure is 


because of energy 
because of 
comparing with similar 
data taken on a standard tungsten-in-quartz lamp [4] 
Figure | gives the spectral calibration factor for the 
complete instrument, based this standard of 
radiant energy Other details connected with the 
reduction of the data may be found in the previous 
report [1] 

Often the polarizing characteristics of a 


upon 


spectro 
many 
produce appreciable errors if not properly accounted 
for in the the Hach mirror 
surface produces a definite and significant amount 
of polarization. If all the mirrors were held to the 
same positions during the experiment, no difficulty 
would the mirror 1s 
ISO 


radiometer are overlooked These, howevet 


reduction of data 


heliost nt 
during the 
sunrise to before 


llowever 
rotated through nearly 
the day from after sunset 

This results in an appreciable variation in spectro 


arise 
course of 


Sonor 


radiometer transmittance because of polarization of 
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are given m figure 2 


3. Ultraviolet Spectral Solar Energy Curve 


Because the measurement of the solar sper 
energy requires that the data be taken on the 

while it is moving to a higher or lower altitude, he 

Lo positions wherein the rays come through yreate 
or lesser amounts of the atmosphere the recordes 
spectra change in intensity and in spectral qualit 
from minute to minute Furthermore, any du 
or other impurities within the atmo 
further Intensity 


Therefore, it is 


water Vapol 


phere result) in changes at the 


detector Take 
the measurements at high altitudes in a drv climat: 
above much of the normal atmospher kw contamin 
tron 

Data the spectral radiant energy 
from the sun were taken on all clear days from thy 
latter part of June until after July 10. Desert dus 
together with rainy and cloudy weathe 
prevented measurements on part or all of many day 
during this period Hlowever, on four days (July 
1, 5, 9 and 10) the skv was exceptionally clear fo 
part or most of the day. The data for 
have been reduced in a manner similar to that pre 
viously employed [1] and are tabulated in table 1 for 
air masses 0, 1.0, 2.0, and 3.0 at various wave length 
corresponding to minimum, maximum, or inflections 
in the Fraunhofer structure of the solar spectrum 
Each of the values listed in columns 2 to 5, inclusive 
was obtained as a mean representative of all the 
observations at those particular wave lengths for 
the days listed. The data for each of these wav 
lengths were extrapolated to air mass 0 in the de 
termination of the solar-energy curve outside the 
earth's atmosphere. The values for the inte 
mediate wave lengths were obtained by a method o! 
interpolation based on the use of the best noontime 
observations. The spectral radiant intensities for 
air masses 1.00 and 0 are shown graphically in figure 
3, and the integrated intensities for 5-my bands are 
tabulated in table 2. The data for air mass }|.(00 
represent a slight extrapolation because the lowes! 


ndvantageous to 


on ultraviolet 


storms, 


these days 
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Fieure 3. Spectral distribution of radiant energy from the sun, based on the measure- 
ments for 4 day n July 1953, Sacramento Peak, N. Mer., altitude 9,200 feet 
Tante 2. Integrated spectral distribution of radiant energy | air mass actually encountered during the course 
from the sun for air masses 0 and 1.00 of the measurements was approximately 1.01 at 
Fk valuation made from data of table I Raditant energy is expressed in microwatts . 
per square centimeter for 5 my band apparent noon. 

If a comparison is made between these data and 
those for Climax, Colo., in September 1951, it should 
be in terms of the data for air mass 0 becuase for 
a 1A larger air masses the data are not directly compa: 

interval able as there is an altitude difference between the 
two stations. This difference in air masses results 
in slightly different magnitudes of Rayleigh scatter- 
ing. In general, the two sets of data are in agree- 
ment within about 5 percent, the new values being 
slightly higher in the visible spectrum but slightly 
lower for wavelengths shorter than about 330 my 
Agreement is close between about 330 and 400 mz 
As the two sets of data were obtained at different 
locations and at different seasons of the year with 
different spectroradiometric equipment  indepen- 
dently calibrated, it is felt that the results are accu- 
rate within the limits of the experimental variations 
indicated in the tabulated data for the various days 
covered by the observations in the two cases. How- 
ever, as the later data were obtained during duly 
a correction (3.4%) was necessarily required to 
reduce them to the mean solar distance. As the 
sun was at approximately the mean solar distance 
when the September 1951 data were obtained, no 
correction was required in that case. 
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j Atmospheric transmitiance at Sacramento Peak 


Ver., altitude 9,200 feet; also determination of total ozone 
the obsert ing station 


stmospheric transmit 


mM ant 


scattering; lower curve me; cireles 


1.00; wavelength scale as a function of 


4. Atmospheric Transmittance and Ozone 


Following the same procedures employed in the 
ious publication [1], the atmospheric transmis- 
: curve for Sacramento Peak, N. Mex , depicted in 
ficure 4, was determined on the basis of the average 
of the data for the 4 days (July 4, 5, 9, and 10) given 
in table 1. In this illustration the logarithms of the 
observed transmittances of unit atmosphere for the 
different wavelengths are plotted as a function of the 
wavelength, which in turn is expanded [5] according 
to the funcion —(u—1)°A~' of the Rayleigh law of 
molecular scattering, 


| T 329(u—1P°H log ¢ 
oy R - ~ \, , 
3NM 


n which A is the wavelength of the radiant energy, 
and w is the index of refraction of the atmosphere 
\s the atmospheric depth, 7/7, and the molecular 
density, NV, for the zenith position are constant, the 
resulting plot of the logarithm of the atmospheric 
iransmittances becomes a straight line in those 
spectral regions wherein the Rayleigh law of pure 
scattering is applicable. 

\gain, the data given by Fabry and Buisson [6] 
were employed in the calculation of the two curves 
lig. 4) representing amounts of ozone required for a 
similar amount of optical absorption. On the basis 
of these data, about 0.21 em of ozone (ntp) was pres- 
ent from July 4 to July 10 at Sacramento Peak, 
\. Mex. This is in good agreement with previous 
measurements for the same season of the vear for a 
similar latitude [7]. 


5S. Preliminary Measurements of the Spectral 
Solar Radiation Between 500 and 2,500 
Millimicrons 
\lthough July weather at Sacramento Peak is not 


especially suitable for the study of the solar spectrum, 
especially in the infrared region, an opportunity was 


afforded on several days to make some preliminary 
measurements by the substitution of a lead sulfide 
cell for the 935 phototube. Otherwise, the spectro- 
radiometric and recording equipment was unchanged 

Among the interesting results of this preliminary 
work, it was found that the PbS cell was sufficiently 
sensitive for use in the ultraviolet (down to about 
310 my) and visible regions of the solar spectrum, as 
well as in the infrared out to about 2,500 my. Large 
changes in the water-vapor absorption bands indicated 
the high sensitivity of this equipment and its possi- 
ble great usefulnoss in water-vapor studies or for the 
routine recording of the total water content of the 
atmosphere. On some days a doubling of the total 
atmospheric water vapor occurred within a matter 
of minutes. Generally, on the days on which ob- 
servations were made, the water vapor increased 
rapidly until the sky was clouded over 

Figure 5 shows typical recorder 
extending from the ultraviolet to about 2,500 my 
in the infrared. No attempt has been made, how- 
ever, to evaluate these records for spectral radiant 
energy. Although comparative data were taken 
with the tungsten-in-quartz lamp, the large varia- 
tions in the over-all photoelectric sensitivity, to- 
gether with a lack of precise knowledge of the 
spectral-energy distribution of the lamp standard, 
preclude the precise evaluation of these data. Also, 
the large variations in atmospheric water vapor 
during the course of the measurements rule out any 
extrapolation to zero air mass within those parts of 
the spectrum in which water-vapor absorption is 
pronounced, The data are given simply to illustrate 
what may be accomplished in this field under the 
proper conditions, namely, with a detector standard- 
ized for sensitivity (may be temperature controlled), 
in a relatively dry atmosphere (at least at nearly 
constant humidity), and with a suitable standard of 
spectral radiant energy. These requirements should 
exact little difficulty of fulfillment. The first can be 
met through a careful study and/or selection of the 
detector employed, the second through proper 
choice of the season of the year for the particular 
station, and the third through planned research on 
emissivities of a suitable lamp standard, 

In connection with the study of atmospheric 
water vapor, changes in the optical absorption of the 
band located near 1,900 my is of especial interest. 
This band is broad, due to the relatively very high 
absorption for water vapor that occurs at this wave- 
length. As dispersed by a quartz-prism instrument, 
this band shows sufficient structure to make its use 
suitable over a considerable range of humidity 
values. However, for very high humidities one of 
the other water bands would be found more suitable 
for calibration purposes. In figure 6 the general 
absorption pattern of the 1,900-mya water band is 
shown for a number of times during the morning of 
July 14. It is to be noted, that, although the air 
mass was decreasing during the course of these 
measurements, the absorption character within this 
band shows that the amount of water vapor in the 
| solar beam was actually increasing between about 
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st 


8:30 and 11:00 a. m. When correction for path 
length through the atmosphere is made, the tru 
water vapor increase is even greater than indicate: 
by the recorded data 


6. Present Status of the Solar Constant as 
Indicated by the Sacramento Peak Data 





The solar constant, defined as the number of gran 
calories per square centimeter (langleys) per minut 
received from the sun at mean solar distance, is 
measure of the total radiant energy emitted by th 
sun, and hence is one of the primary constants of 
astrophysics. Little work toward the establishmen 
of the value of this constant has been done by workers 
outside the Smithsonian Institution of Washington 
Henee the generally accepted value of 1.946 langleys 
per minute is based primarily upon the work of C. G 
Abbot and his associates |[8, 9]. Although thew 
work was outstanding in this field at that time, th: 
| current need of certain revisions has been suggested 
| by Schatzman [10], Allen [11], Nicolet [12], Georg 
113], Houghton [14], and others, Two points hav 
been noted wherein the published data may be in 
need of revision, namely, (a) the need for the estab 

| lishment of a precise spectral radiant-energy distribu 
Ficenn 6, Record rcings for the wat | tion for the entire solar spectrum reaching the earth's 
; surface, and (b) careful evaluation of the solar energy 

in the ultraviolet and infrared regions of the spe 
| trum, which, because of absorption within th 
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here does not penetrate to the earth's surtace 
thods employed and the use of the data by 
thsonian Institution observers did not require 
pectral-energy determinations, They were 
ed primarily in variations of the solar eon 
vith time Hence there remains a question re 
the magnitude of any ultraviolet or tmnfrared 
ons until precise spectral radiant-energy data 
lable 
pectral solar-energy distribution within the 
46 to 2400 me (contamime approximately 


eeont of the total solar radint eneres i 
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7. Summary and Conclusions 


obtarnes Live ( i" (distribution 
r ‘ ! ween 2OO and 
wen determined for nir main il 
altitude 9200 feet) and for out 
time plyet Ihe niter 1 
data obtan aut Climax, ¢ 
change pectral imtensity 
nie me su] i ( thre atmospherer 
ion coellierent ind the total atmespheri 
content (0.21 em) have been determined os a 
of the measurements for 4 davs in Julvw 1953 
Sacramento Peak, No Mex These data are in 
reement with the best published values 
‘reliminary measurements were made on the sper 


distribution of solar radiation within the visible 
frared spectrum by using a PbS photocondu 

Interesting possiblilites are indicated as a 

of these observations for a more accurate 
rmination of the speetral solar radiant energy 
we oa more necurate establishment of the solat 
tant) as well as a neat method for use in the 
ly or recording of total atmospheri water-Vapor 
ehntration 
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Factors Affecting the 


Thermal Stability of 


Polytetrafluoroethylene' 


R. E. Florin, L. A. Wall, D. W. Brown, 


L. A. Hymo, and J. D. Michaelsen 


The structure and kineties of thermal decomposition of polytetraftluoroethylene suggested 


several methods for improvement of its 


stability: (a 
fluorocarbon catalysts or photochemically to eliminate labile centers for initiation, (b 


polymerization in the presence of 
inelu 


sion of foreign structural units in the polymer to promote chain transfer of the free radicals 


active in lepoly merization, c 
transfer he 

and fluorine gas 
tives included sulfur, 
mainly aromatic, 
experimental catalysts 


selenium, and a 


position 


1. Introduction 


\ search for polymers for use at high temperatures 
iy naturally begin with polytetrafluoroethylene, 
h is the most stable of known polymers. The 
commercial material, Teflon, is somewhat limited in 
applications by a physical transition 
occurring at 327° C, but it does not undergo rapid 
thermal decomposition below about 450° C. Even 
, moderate improvement in the thermal stability of 
this polymer, for example, raising the decomposition 
emperature range by 50 100° C or the creation 
of an induction period, would adapt it to new uses 
lt is not likely that any organic or semiorganic 
polymer will be stable in the thermodynamic sense 
at 500° C. Henee, any hope for improvement in 
the thermal stability can arise only from kinetie or 
mechanistic considerations. Such an approach has 
decided possibilities 

The thermal decomposition of ordinary poly 
tetrafluoroethylene has certain other peculiarities, 
aside from the high temperature at which it occurs, 
The polymer does not melt, but decomposes in a 
solid or extremely viscous This situation 
could extend the lifetime of the free radicals re- 
sponsible for decomposition. Also, because of the 
regular structure, containing only strong C—F and 
CC bonds, there is no opportunity for chain- 
transfer reactions; as one consequence, the depoly- 
merization of a given radical proceeds without inter- 
ruption, to yield monomer almost exclusively. 

To increase the thermal stability, three different 
mechanistic possibilities can be considered, 

|. Elimination of possible impurities, i. e., non- 
fluorocarbon end-groups at which the depolymeriza- 
tion may be initiated. 

2. Inclusion of structures in the chain designed to 
hinder or stop the depropagation reaction, by which 
monomer units are stripped from a free radical. | 
hese structures would produce a random type of | 


struc tural 


to 


ass. 


s work was performed as part of the research poeieet on high-temperature 
it polymers sponsored by the Ordnance Corps, Department of the Army 


catalysts tried included perftluorodimethyimercurs 

as well as conventional catalysts 
variety 
added usually as dibromides to the polymerizing mixture 
or additives brought about any change in 


inclusion of foreign molecules capable of promoting chain 


perfluoromethyl iodide, 
rhe foreign struetural units and addi 
of hydrocarbon and fluorocarbon groups, 
None of the 
of thermal decom 


the rate 


induetion 
the con 


degradation, which should result’ in’ an 
period, The effect could be enhanced if 
comitant reactions also produced cross links 

3. Inclusion of a mobile material to terminate 
radicals. The lifetime of the free radicals in poly 
tetrafluoroethylene pyrolysis may be unduly long 
because of their immobility. If sufficiently mobile 
agents could reach these radicals, and terminate 
them wholly in part, a more stable polymer 
should result 

To explore these possibilities, a number of tetra 
fluoroethyvlene polymers were prepared, using condi- 
tions and catalysts chosen to give a polymer as 
free as possible from thermally labile end-groups 
Some conventional catalysts were also used for 
comparison. In addition, a number of materials 
were added which might either enter the polymer 
chain as structural units, or be intimately incorpor 
rated in the polymer mass. The degradation of the 
resulting polymers was studied and rates compared 


or 


2. Polymerization of Tetrafluoroethylene 


Polytetrafluoroethyvlene was discovered in 1946 
by Plunkett [1]. The polymerization of tetrafluoro 
ethylene is similar in principle to that of most vinyl 
monomers, and appears to proceed by a free-radical 
chain mechanism, A schematic summary of the 
principal steps in the reaction is 


Initiation: 


Catalyst—— radical 
(catalytic) 


Monomer—-radical 
(photochemical or thermal) 


Propagation: 


slarger radical 


RE ‘XA 2 


Radical + monomer 


R-+CX,=CX, 


—— 
2 Figures in brackets indicate the literature references at the end of this paper, 
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Here the kK ria be derived from 
monomer the X’s mav be like or 
groups, depending on the monomet 


the step is repeated many times untila bigh molecular 


formula, and 


weight is reached 
‘Termination 


Radical > radical spolymetr 


R(CANOCK, R(CNOCN 


Radical radical »2 polymer 


R(CXLCKX 
R(CXLCKX 


Transfer 


»~ROCXNLCKX RCAR 


If iphibitors are present they mav combine with the 


radicals to form molecules or unreactive radicals 


Some renetions are known that bare most of thre 


features given but have all equation 


mn ovel 
¥Z+nCXs=—CX eY(CNICK,),Z 


telomerization The dis 


Is called 


most important when 


Such a reaction 


tipetion | is small 
polymerizip tetrathioro 
ethvlene are Hanford and 
As catalysts, hvdrogen peroxide, oxygen, persulfates 
and several ory lis losed Con 
ditions in the range 0 to 100° C 15 to over 1.000 
Ib/in As a typical example, monomer 
is introduced at 700 Ib/in 
a large amount of water solution of catalyst 


Common methods of 


>] 


iaieated by Jovee =| 


rhe peroxides ure 
mrad 
are covered 
into a reactor contaming 
Avita 
tion at 60° © produces a nearly complete conversion 
to polymer in 17 bours. To avoid explosions, it is 
important to remove rapidly the heat deve loped 

In the laboratory Atkinson |} ostuched the 
mereury-sensitized photochemical reactions of tetra- 
fluoroethylene in the gas phase at room temperature 
and low He found amount of 
hexafluorocyclopropane produced, as well as high 
polymer, and found that polymer formed 
seemed to catalyze the formation of both products 
but especially of more polymer. His results led him 
to stress the part played by -CF,-. radicals. The 
quantum vield was 0.02 to 0.2 for production of 
C.F (C.F, consumed divided by 3 times quanta 
absorbed) and about 0.2 for production of polymer 
(molecules C.F, polymerized divided by quanta 
absorbed 

Raal and Danby [4], in gas-phase photochemical 
experiments at about 300° C and low pressures, 
found that tetrafluoroethylene was polymerized by 
methyl radicals derived from the photolysis of acetone 
and acetaldehyde; the estimated chain length was 


pressures large 


once 


catalyst or 
uplike atoms or 


26 units of tetrafluoroethylene polymerized py 
ecule of ae etaldehyde decomposed The letra 
ethylene accelerated the decomposition of ay 
hyde but not of acetone 

Haszeldine [5] produced telomers CF (CE 
containing up to 10 CLF, units by therma 
photochemical reaction of mixtures containing 
large amounts of iodotrifluoromethane 

Berry and Peterson |6| polymerized tetrat 
ethylene in the presence of radioactive sulfur 
pounds to secure an estimate of the molecular w 
The molecular weight of poly 
never measured cir 


of the poly met 
fluoroethyvlene 
because no solvent for this poly met 


has been 
Ss known 
investigators sought an indirect estimate based 
measurement of sulfur 
and the 


moles ule 


radionctive 
the polymet 
each polymer 


nheor porate 
reasonable aSssulnplion 
eontamn 


found 


should two 
they that 
no radioactive 


ntotis | sing redox recipes 
radioactive persulfate catalyst 
appears in the polymer isolated, but that with 1 
bisulfite in 
components, sulfur was 
removable by prolonged heating with water. The 
calculations led to a molecular 142.000 
534,000 for their polytetrafluoroethylene. They 

vest that the polymer end-groups derived from th 
SO).1] 


prepat ec 


ucetlive nm recipe ceontamning various 


incorporated and wy 


weight of 


bisulfite are sulfonic acid and tha 


the 
fnte 


‘ roups 


polymer ordinarily with pet 


catalyst Tray contain carboxyl acid 
COOT! 

Von Crrosse and Cady 7| 
polymerized — by 
The niobium pentatluos 


resemble 


vrouUps 
that tetrafluor 
fluoride 


report 
ethvlene Is boron 
niobium pentathuor ule 
polymerization reported — to 
action of aluminum chloride on ethylene, i. « 


to low molecular weights 


wis 


rapid reaction leading 
fluoride 
slowly, yielding in several days at room temperature 
a high polymer resembling Teflon 

It is evident that of the catalytic 
many introduce end-groups of lower stability inte the 


boron reaction was reported to procees 


most met hor 


polymer molecule, for example, hydrocarbon fra 
ments from organic peroxides COOH. indirectly 
from persulfate, and possibly —O--O— from mole 
lar oxygen. ‘To avoid molecular oxygen and for get 
eral convenience, it was found useful to employ 
vacuum-line technique, and ordinarily to polymeriz 
the monomer in liquid phase in quartz tubes at low 
temperature, with attivation of catalysts by ultra 
violet light. Some catalysts that might avoid th 
introduction of thermally labile end-groups were 1 
vestigated in the research described in this paper 


2.1. Materials Used in Investigation 


Tetrafluoroethylene. Most of the monomer was 
prepared by pyrolysis of Teflon polymer at 650° to 
700° C and 1 mm, using the method of Lewis and 
Naylor [8] with minor changes. Contrary to expe 
tations based upon the results of these authors a 
moderate pressures, a small percentage of higher 


fluorocarbons appears to form even at pressures 0! 


; 
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nicrons [9]. In distilling the monomer into | percent. The mass spectrometer indicated traces of 
rization tubes, a small tail fraction, roughly | fluorocarbons 
ent, was rejected. Typical monomer con Aco-bis (isobutyronitrile 
traces of highet fluorocarbons and very little by Rohm X Hass Co 
rogen compounds 1, 2, 4, 4-Tetrafluoro-38, 6-dibromoben ene wus pre 
comparison, a small lot was also prepared by — pared at the Bureau by a 
sis of pure sodium perfluoropropionate, ob- | where [13] 
from the Minnesota Mining & Manufacturing Other materials were, in 
0) The gaseous product was scrubbed with = pure grades 
dium hydroxide to remove carbon dioxide and 
head and tail fractions were rejected in subse 2.2. Apparatus and Methods 
distillation. Mass spectrometer analyses of 


Was a sample furnished 


svntheses reported else 


general, commercially 


Polymerization tubes were usually of quartz, of 
l-mm wall thickness, 10-mm inside diameter, and 
about 150-mm length. In many of the experiments 
with dibromide additives, thiek walled Guartz tubes 
of 2- to 3-mm wall thickness, and otherwise similar 
dimensions were used \ few experiments were 
made in Vycor 790 tubes of about 3-mm wall thick 
ness and 19-mm-inside diameter, and, where illumina 
tion was not desired, in thick-walled Pyrex. ‘Tubes 
were filled, degassed, and sealed on the vacuum line 
Monomer was weighed by difference or measured as 
gas. Nonvolatile materials, such as most catalysts 


o preparations of monomer appear in table | 
e monomer, after distillation in vacuum into the 
rization tubes, was degassed by melting in 
e, refreezing in liquid nitrogen, and pumping 
cession Usually 4 or 5 degassing eveles were 
ary to achieve a pressure of about 0.2 micron 
such degassing, a sample of monomer contained 
han | ppm of O 
Special samples were also treated by distilling into 
ter bulbs coated with sodium or potassium mirrors 
having the polymerization tube sealed to a side 


degassing as usual sealing off and holding the were weighed Cinses such as iodotrifluoromethane 


eous monomer in contact with the mirror at room 
; - a and boron fluoride were mensured in bulbs 


ot e ) davs: : subseque : ns 
erature for If day and sub equently conden Most of the polymerizations were done in a cold 


nto the poly merization tube block which allowed the samples lo be held nton 


fuoromethyl iodide, CR. was prepared by roughly controlled low temperature while exposed 
to ultraviolet irradiation, The block, of aluminum 
alloy, was partly immersed in liquid nitrogen, Cold 
nitrogen gas flowed upward through a central hole 
in which the polymerization tube and a thermo 
couple were supported \ slot 6 mm wide allowed 
irradiation from a high-pressure mereury lamp 
located at a distance of 10 em As the equipment 
was designed for intensity of illumination and flexi 
bility, rather than for reproducibility of conditions 
the observations on polymerization rates should be 


ne o mixture of silver trifluoroacetate and 
ne 1] The product was used after a simple 


tion 


accepted with caution, The equipment gave reason 
ably good constancy of temperature with time 
adjustments seldom being necessary oftener than at 
5-minute intervals. The variation from top to 
bottom of the tube was of the order of 20° C, but 
as the depth of monomer in the tube was usually 
only about 50 mm, the actual limits were considerably 
narrower. In some experiments a quartz plate of 
2-mm thickness was fastened over the illumination 
slot. The plate was subject to rapid frosting, « 
difficulty not experienced in its absence because of 
See the rapid outward flow of cold ait 
Y {pegweonas From manufacturer's test data and dimensions of 
the apparatus, a very rough esti nate can be made 
of the incident light intensity in various wavelengths; 
this is given in table 2. A calculation from the table 
shows that about 0.28 w of illumination are received 
per centimeter of liquid depth, and that this illumina 
tion includes about 1.4 107° einstein per minute 
(1.4 10° quanta per second) in wavelengths 1942 
and 1849 A, and 3.8% 107° einstein per minute in 
the wavelength 2537 A 





‘) md probably CO ere Introduced during opening of the tube 


perfluoromethylmercury, (CF,),.Hg, was made 
iodotrifluoromethane and cadmium amalgam 
esublimed product was used [12] 
we Fluorine was the product of Pennsylvania Salt 
= Manufacturing Co. The manufacturer's analysis 
nig shows F,, 96.6 pereent; HF, 0.6 percent; and Oy, 2.8 
whet 0.28 wom 


LO0O em ) 


ar = . -_ . +o . 
vuoromethane and diperfluoromethylmercury were prepared by A. J, 4.3 10) wem 0.6em ( 


es ol Bureau's Polymer Structure Section 


l0em 
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It is probable that most of this light in the lower | ings by the du Pont Company on handling 
wavelengths was absorbed by tube walls and seat- | monomer. Such a phenomenon would, of 
tered by polymer, and that very little was absorbed throw great uncertainty into all rates reported 


by monomer. 

‘Conversion was determined by weighing the 
polymer, except in the dibromide additive experi- 
ments, where it was determined by residual gas Experi 
volume. Most of the polymer products were ans — — 
warmed overnight at 105° C before being submitted 
for pyrolysis studies 

Special equipment used in a few experiments will be 
described under the appropriate heading. 


TABLE 3 Photopolymerization of tetrafluoroethy 


Tempera Conver 


TAR E2 Characteristics of ight source 
(Hanovia high-pressure mercury lamp, type I 


lotal radiation at 1 m 1. 7 mw em 
Distance, lamp to sample 10) «em 


Slit width 0. 6 em 
l iquid depth 2 to5e . ae and a are cumulative from beginning of experiment 
. ‘ ur no ilumination 
Distribution, percent of total . Polymer given special fluorine treatment 
| , Monomer pretreated with sodium mirror 
Wavelength Percent q, Thin-walled quartz tube 
Infrared and visible 71.0 . Monomer from sodium perfluoropropionate, pretreated wit! 


an - 99 9 mirror 
2700 to 4045 A ss. 6 . Thick-walled quartz tube 


2652 1.78 , 24mm quartz window 
2571 0. 68 
2537 1. 95 : , , ' : 
2482, 2400, 2360, 2300 1. 82 At first sight, a comparison of experiments 4 and | 
1942, 1849 0.52 | suggests that the potassium-treated monomer de- 
rived from sodium perfluoropropionate may pol ymer- 
2.3. Results ize somewhat more slowly that the untreated mono- 
mer derived from Teflon; but the difference is hardly 
The catalysts, conditions, and conversion to poly- | more than twofold, and is not established with 
mer are shown in tables 3, 4, and 5. Many of | certainty because of the difference in temperatures 
these polymerizations were found to proceed at tem- | Because of the occurrence of photopolymerization 
peratures as low as —80° C. Such temperatures are | and the relatively low rates of catalytic polymeriza 
well known in Friedel-Crafts polymerizations, but | tion often observed, it is sometimes difficult to decid 
are unusual in a free-radical catalyzed reaction. | whether a given catalyst actually did have a catalyti 
Schmitz and Lawton, however, have observed the | effect. 
polymerization of tetraethylene glycol dimethacryl- | Diperfluoromethylmercury. This catalyst 
ate at —55° when the frozen monomer was irradiated | pected to dissociate into trifluoromethyl radicals and 
with high-energy electrons and subsequently melted | free mereury, and might be expected to lead to a 
[14] | completely saturated pure fluorocarbon polyme: 
The photopolymerization of tetrafluoroethyvlene 
appears to proceed at a rather low rate, reproducible | (CF;),Hg—2CF;- + Hg 
a as to order of magnitude. If we exclude experi- | 
ment 5A, the rate shows a moderate irregular rise | CF,-+nC,F,—>CF,(C,F,),+ 
with temperature in the range —85° to —40° C 
The effective wavelength for polymerization must be | 2CF,(C,F,),,- »>CF,—(C,F,),— (C.F ,),—CF 
quite low, as is evident from the blocking effect of 
the quartz window (experiment 5A), as well as from | Actually, the absorption spectrum of the mercury 
the negative results of certain catalytic experiments | compound is not very favorable for photochemica 
in Vyeor No. 790 (experiments 10, 17, 19), which | decomposition. A comparison of absorption spectra 
transmits 2 to 4 percent in 2-mm thickness at 2,540 | figure 1, shows that diperfluoromethylmercury ab- 
A [|15]. This is reasonable in view of the absorption | sorbs appreciably at wavelengths only a little longe 
spectrum of the monomer, as shown in figure 1, | than tetrafluoroethylene, both substances absorbing 
curve 1 [16]. The values in this figure should be | little light nearly down to the limit of transmission of 
taken as suggestive only, since gas-phase data have | quartz. Photopolymerization may compete wit! 
been applied to liquid-phase conditions. The poly- | the catalyzed polymerization. The difficulty is in- 
merization is probably not due to impurities, as the | creased by the very low solubility of this catalyst 
prolonged sodium and potassium treatment of mono- | the monomer. No _ polymerization occurred 
mer does not eliminate it. The anomalous high rate | Vycor, which is reasonable in view of the absorption 
in experiments 5A and 5B is not fully understood. | spectrum of the catalyst and the transmission limits 
It may reflect an autocatalytic effect of preformed | of Vycor. The Vycor No. 790 tube containing th 
polymer, such as was found by Atkinson [3] in gas- | sample was subsequently stored 1 month at —20° C, 
phase work; this possibility is also implicit in warn- | without further change. In experiments 7, 8, and 9 
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the rates seem to be much higher than photopoly 
merization and seem to increase with concentration 
f catalyst However, the results are from samples 
that have proceeded to nearly 100-percent conversion 
and may also reflect autocatalysis by polymer. If 
the variation with catalyst amount is significant, it 
may be explicable by » process of continual replace 
ment of catalyst in the saturated solutions 

The four experiments 11, 12, 13, and 14 were 
undertaken to determine whether the diperfluoro 
methylmercury catelyzed polymerization can con- 
tinue in the dark for appreciable periods after being 
started photochemically All four samples were 
illuminated for identical periods at — 50°C. Samples 
11 and 12 were opened immediately: 13 and 14 were 
stored in the dark for 1 month at —20° CC. The 
stored samples seem to show a slightly higher con- 
version. The difference is probably not significant; 
the subsequent dark polymerization, if any, is cer- 
tainly slight. The rates low for 50°, by 
comparison with experiments 7, 8, and 9 and the 
photopolymerization experiment 6 

lodotrifluoremethane Haszeldine [17], using large 
quantities of iodotrifluoromethane with tetrafluoro 
ethylene, and activation by heat (200° C), ordinary 
light, and ultraviolet, obtained solid telomers con- 
taining many C.F, units per CF,I residue. Extra- 
polating from his results, we would expect only a 
very small proportion of CF\I derived material in 
the present products. ‘There was no gross appearance 
of iodine in the polymer, as would be necessary if 
large amounts of jodotrifluoromethane were con- 
sumed and pure fluorocarbon polymer formed. The 
pyrolysis of the polymer did not show iodine or 
iodine-containing fragments; the amounts may have 
been too small for detection in a telomer of very 
high molecular weight. The rates of polymerization 
are about alike over a sixfold variation of iodotri- 
fluoromethane concentration, which suggests com- 
yensating increases in initiation and termination 
Higher rates than these might have been expected 
from the strong absorption by iodotrifluoromethane, 
which has a maximum at 2,680 A [18] 
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Perondes and a o-bis(isobutyron ite ile B 
peroxide brought about a very slow polyme: 
in Vvyeor at the rather high temperature of 
C. This is to be compared, however, with thy 
lack of polymerization when diperfluorom 
mereury is used (and therefore also in a pure bl 
Storage at 20° © for 1 month did not app 
increase the vield; thermal activation of the eat 
and continuation of the reaction by frozen-in 
radicals were therefore negligible 

Di-t-butyl peroxide brought about a reaso) 
rapid polymerization at —50° CC. The corres; 
ing photopolymerization rate should be the ver 
rate experienced when a quartz window is a 
(experiment 5A 

Azo-bis(isobutyronitrile) did 
merization is Vycor at ae? C 


hot cause any 


The transm 


of Vycor should not be responsible for this { 


because the catalyst is known to be activated by 
light of the order of 3,600 A [19] when used wit} 
other monomers. It is possible that radicals fron 
this catalyst are not sufficiently active to initiat, 
polymerization of tetrefluorethvlene, at least at th 
temperature of —S0° C 

Fluorine. The action of free fluorine upon most 
orvanic compounds Is known to cause complicated 
free-radical chain reactions, and it was found also 
to initiate polymerization of tetrafluoroethylene at 
low temperatures. Liquid fluorocarbons were also 
formed. The polymer product also contained som: 
strongly held silicon tetrafluoride; its generally com 
plicated composition created uncertainties in- th 
subsequent pyrolysis studies. Fluorine gas dilute: 
with helium was bubbled through monomer in Py 
immersed in a freezing pentane slush 
amd subsequently in a dry-ice bath. Little soli 
product was formed with very dilute fluorine 
moderately rapid formation of solid polymer Wis 
»bserved with a higher concentration containing 
percent of fluorine. At —80° C evaporation led to 
rapid losses of monomer. Impurities in the tan! 
fluorine, which are not readily removable 
oxygen fluoride, could have affected the 
and the structure of the product. Refinements u 
equipment, higher catalyst purity, and more 
conditions might lead to the desired type of saturate: 
pure fluorocarbon polymer. 

Boron trifluoride Boron fluoride was reported by 
Von Grosse and Cady [7] to cause the slow polyme: 
ization of tetrafluoroethylene at room temperature 
to a solid polymer resembling Teflon. In the present 
study two concentrations were prepared in Pyrex 
tubes and left for periods of 6 to 18 months. No 
change was observed. Although boron fluoride ts 
known to require a co-catalyst such as water in order 
to be catalytically active, the requisite traces of 
water are always present unless removed by a tech- 
nique much more stringent than that employed her 
(20); therefore, it is believed that boron fluoride ts 
inactive, and that Von Grosse and Cady’s polymen- 
zation was due to adventitious oxygen. Their poly 
merization with niobium pentafluoride cannot bh 
explained in this fashion, and possibly other catalyti 


equipment, 


sue hh a 


reactiol 


Kien 


| metal fluorides exist. 
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e other dibromides were less-spectacular pro 
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dibromodipbenyl ether, and 
omoanthracene had little or no effect, the first of 


e beme perhaps n mild re 
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The Por 
residue from the latter material conteimed 
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naphthol wes a powerful retardet 
hierhe 
with po volatile bromine 
pertially fluorinated compounds 
he others, anthracene and sulfur were probably 
retarders, 
t the rate 


mpoundas or 


and selenium did pot appreciably 
Possibly with dibromides of the 
ocarbon type, photos hemical dissociation of the 
Br bond brings about a more rapid initiation, 
h accounts for observed promoter action; but 
llel with this, there may be a transfer reaction 
he fluorocarbon polymer 


from (CC —-H 
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resulting 


radical to 


bonds If the 


oven 


hvaros urbon 
results 


radical is 
if upreactive 


reactive, ordipary transfer 
an effective retardation 

If the retardation by sulfur is real here, it may be 
due to addition of a 


fluorocarbon racieal to 


formula to 
Inhercaptan 


free 
sulfur a stable radical of similar 
it 
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3. Discussion of Pyrolyses 
General Considerations 


unporteant pommts concerning the thermal 
tetrathuoroethyvlene polymers 
mentioned wu the imtroduetion One of the prim 
thermal stability is) the 
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eorre 
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perteet 2 


rough aod im 
imsiott lo fourd un the 
detailed kinetics of pvrolysi rere 
vinvl 


more direct 
number of 


polymers poly tetrafluoroethyvlene 


ipcluding 
thermally by 


splitting of the polymer chain 


clecompose a depolymerization with 
Others, with which 
we are hot concerned here, decomposed by strippin 
off side groups from the carbon chain \ compre 
hensive theory of thermal depolymerization hes been 
developed by Wall, Simba, and others [26, 27] and 
special cases in partially equivalent forms by Jellinek 
[28] and by Grassie and Melville [29], and it has been 
the subject of extensive experimental investigation 
The elementary processes, according to this theory, 
are: (1) initiation, by which free radicals ere formed, 
(2) depropagation or “unzipping,” in which succes- 


sive monomer units are broken off from these free 
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radicals, (3) transfer, in which one radical is stabilized 


and a new one formed, and (4) termination, destroy- 


ing two radicals 

Initiation 

~CX,CX,CX.CX; ~ »>~ CCN 
CXLCX,- >) 

(De) propagation 

~CXCXLCXLUCKX »>~CXCKX 


a 
~CX.CXe- CNOCNLCK, - 
X 
»>~CX,CXLH4 ~CX--CX, + --CRACK, 
Termination 

~CXCKX, 


2~CXACX >~CX=CX 


equations are tractable for 
simple, and for chosen 


The resulting rate 
certam though 
values of the rate constants or their ratios, curves can 
be constructed to show the course of monomer \ ield, 
total volatile products, and molecular weight of 
residue during depolymerization 

It mav be noted that the imitiation step can oecul 
either at an ordinary C--C bond (eq la) or at a 
rhitie h weaker bond (oq Ib . which can be present inh 
a catalyst fragment, a foreign group present im the 


hot 


CHSCS, 


chain, or even in a separate molecule of some con 
If many of 
these labile centers of initiation are present, the sta- 


taminant, such as unreacted catalyst 


bility of the polymer may be greatly reduced \ 
example is” the polymethyl 
methacrylate; this polymer when prepared photo- 
chemically with diphenvlevanomethyl end- groups, 
but when prepared 
with large amounts of benzoyl peroxide catalyst 
will decompose more rapidly at a temperature 40 
deg lower [29] 

It may also be noted that, depending upon cir 
cumstances and the character of the polymer, the 
depropagation reaction may proceed through few or 
many stages before being interrupted by transfer or 
termination. In impure mixtures, still other types of 
interruption are conceivable. The free radical may 
lose monomer units until a structural irregularity 
in the chain is reached, from which further loss is 
difficult; or it may react with foreign molecules to 
produce stable products. The latter type of inter- 
ruption of free-radical reactions is well known in the 
allied fields of polymerization and oxidation, but does 
not seem to have been found thus far in high-tem- 
perature depolymerization, although inhibition with 


spectaculer case ol 


decomposes slowly at ZSO° C 


nitric Oxide is well known in gas-phase sysj 
these temperatures [29] ; 

In the case of poly tetrafluoroethy lene the sti 
offers no opportunity for transfer reactions, a 
product of pyrolysis is nearly pure monomer 
tion may be difficult, except at thermally labil 
groups derived from the catalyst The solid or 
viscous state of the material undergoing py: 
may render the free radicals immobile and in 
ble to most reactions except depropagation 
circumstance may greatly extend the lifetim« 
radicals, and thus increase the rate of decompo 

Such considerations made it’ plausible (a 
available preparations of polytetrafluoroet! 
might not be the most stable possible, and (bh 
even the purest polytetrafluoroethylene mig! 
stable than preparations containing suit 
structural irregularities or foreign additives 


less 


3.2. Results of Pyrolyses 


The pyrolysis data given in table 6 are from the 
work of Madorsky, Hart, Straus, and Sedlak, ful! 
details of which are included in their report [9] hy 
product of pyrolysis was nearly pure tetrafluoroely 
lene. Catalyst and additive fragments were not 
found, except for occasional hydrocarbon peaks (in 
), which may have been back 
ground, and occasional percentages of silicon tetra 
fluoride above the normal trace, which may or may 
not have been due to liberation of hydrogen fluorid 
from hydrogen-containing fragments. Extrapolate: 
initial rates are quoted, but any other basis wou! 
have served as well, since the data of any individus 
experiment fitted a first-order rate curve closely oy 
practically the whole course of the decomposition, ar 
unusual occurrence in the pyrolysis of high polym 


the mass spectrometet 


Tarte 6 Pyrol 


' Sample numbers refer to polymers obtained in the corresponding 


experiments in tables 3, 4, and 
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i few minutes of pyrolysis, representing from a 
iofa percent to a few percent decomposition, 
( ured because of the heating-up period before 
int temperature is reached, This uncertain 
is about 5 minutes in most experiments, but 
bly only 2 minutes in the experunents on sam 
Experimental considerations made it 
convenient to compared the rates of given 
es with those of commercial Teflon at 
ing temperatures; this” reference material 
ed highly consistent and reproducible behavior 
ive 2 the relation of initial rate and temperature 
Veflon is shown as a solid line, and the rates for the 
il tetrafluoroethylene polymers are indicated by 
wred points, the numbers referring to polymers 
ibles 3, 4, These data are also given in 


to 3l 


corre 


and 5 
8) 
will be recalled from discussion of the mechanism 
vrolysis that the decomposition rate should be 
ered by (a) replacing more labile end-groups by 
pletely fluorinated saturated end-groups, which 
iid decrease the formation of free radicals; (b) 
wporating inhibitors, which would react with the 
eals as soon as formed, for a limited period; or 
¢) incorporating hydrogen-containing groups, which 
would give rise to cross linking as a competing re- 
wtion besides depropagation. In the third case, a 
rop in molecular weight could occur, but the mate 
would still remain polymert 


TEMPE RAT URE 


1280 ! 1340 


Pyrolysis o} letrafluoroeth yle ne pol ymers 


rarious 


photopolymers cataly the 
refer to samples in tables 3, 4 


erence curve, commercial Teflon 
polymers with additives Number 


The most striking experimental generalization is 
that none of the products differed greatly from ordi 
nary ‘Teflon in pyrolysis rate. The small differences 
that did occur are probably less than the experi 
mental error, Possibly in all products, including 
Teflon, most of the labile groups were removed long 
before the pyrolysis temperature was reached, to 
form fairly stable olefinic end-groups. For example 


CECKE.COLH 


The photopolymers should be free from nontluoro 
carbon groups but not necessarily saturated. Sam 
ple 5B, exposed to fluorine gas after polymerization, 
should be the completely saturated 
polymer. Although one of the photopolymers listed 
in table 6, No. 1, decomposed with a relative rate of 
1.3, the other two were indistinguishable from Teflon 
in their behavior 

Samples 8 and 9 should have perfluoromethyl end 
groups derived from diperfluoromethylmercury 
They appeared to decompose at slightly higher rates 
than Teflon. The difference may be within experi 
mental error; no explanation can be given for the 
lower stability, if real 

Samples made with todotrifluoromethane appeared 
slightly more stable than Teflon; the stability did not 
iodotrifluoromethane 
contain C1 
a lower 


host photo 


depend upon the amount of 
used. If the polymer molecules 
linkages (as Haszeldine’s low telomers do), 
rather than higher stability might have been ex 
pected because of the weaker C-—1 bond. Perhaps 
the C iodine atoms derived from them 
encourage chain transfer 

The peroxide polymers, 17 and 18, might have 
been expected to be the least stable: actually, the 
t-butyl peroxide polymer was about normal, and the 


| bonds ol 


benzoyl peroxide polymet decomposed atarate Loo 
times normal 

The polymer made with gaseous fluorine might be 
expected to have saturated fluorocarbon end Lroups 


active fluorme atoms, side reactions 


With the very 
such as C-—C bond splitting might also have been 
polymerization, leading to lower 
The fluorine catalyzed polymer 


experimental determination of rate was open to some 


possible during 
molecular weight 
actually decomposed at about the normal rate 


object mon, as large quant ities of low molec ular weight 


material and silicon tetrafluoride were evolved in 
early stages before a steady 

The additives (23 to 31) might 
ceivably either as structural elements in the polymer 


chain, capable of acting as internal inhibitors or as 


ate was observed 
have served con- 


cross-linking agents, or an inhibitors mechanically 
admixed with the polymer. Because of negative 
mass-spectrometer results, there is not much direct 
evidence that any of the additives were incorporated 
in the polymer chain in large amounts, except that 
the increased production of silicon tetrafluoride from 
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the dibromoethylene sample 25 and the dibromo-a 
naphthol sample 26 may reflect evolution of hydrogen 


fluoride from adjacent C-—-H bonds of the additive 


and CF bonds of the regular monomer sequence 
The polymerization rate-results mentioned earlier 
do indeed suggest that the additives are involved in 
some fashion in the polymerization. Probably most 
of the dibromide additives, if not incorporated in the 
polymer chain, were sufficiently volatile to be elimi 
nated from thin layers of polymer during the evacua 


tion period preceding pyrolysis The hydrocarbon 


vroups derived from dibromides were expected to 
act as chain-transfer agents, tne tetrafluorobenzene 

merely as a 
likelihood of 


these materials 


croup from dibromotetrafluorobenzen 
structural with 
resonance stabilization (I 
the pyrolysis rate 


irregularity, som 
extra 
|, 2-<dibromoethylene increased 
and the others were practically neutral 

thermally labile 
fluorocarbon end 


somew hat 

lt is evident that eliminating 
end-groups and replacing with 
greatly lessen the rate of pyrolysis ol 


vroups cid not g 
it plau 


polytetrafluoroethvlene This result make 
sible that in tetrathuoroethvlene polvimers venerally 
the initiation step occurs by breaking of fl 
(*--C' bonds rather than through some 
derived from catalyst or impurity 
None of the chain-transfer agents 


produced observable reductions in 


uerocarbon 

veanker bonded 
seem to have 
pvrolysis rate 
It may be possible to get observable effects by the 
use of aromatic rings containing many methyl groups 
If we consider the unusual maintenance of a solid 
state during decomposition, tt seems prob: ble thet 


highly 
| 


inhibitor should be capable of rapi 


to be ellective, 3 tenn nnste event o1 


Tusion hi oracer 


to reach immobile free radicals in the polvmer Phe 


problem of maintaining such agents in a polymer il 


high temperatures might be solved by (a) a compre 


mise between volatility and diffusion rates, or (b 


the slow ereneration of suc hy netive avent \\ ithin the 


polymer Mess further work these unexplored 


fields seems desirable 
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